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Spectroscopy of Hydrothermal Solutions 18: pH-Dependent Kinetics of Itaconic Acid
Reactions in Real Time

Jun Li and Thomas B. Brill*
Department of Chemistry and Biochemistry, Lbisity of Delaware, Newark, Delaware 19716

Receied: July 2, 2001; In Final Form: September 27, 2001

The kinetics of decarboxylation of tleesubstituted acrylic acid itaconic acid were analyzed at-Z88D °C,

275 bar, and solution pis= 0.8-5.75 using an FTIR spectroscopy flow reactor. As the pH was increased,
the observed rate constant initially decreased to a minimum gt $H.82, then increased and reached its
maximum at pHs = 3.75, and then decreased again up to the limit of study a¢pt.75. The decarboxylation
rate depends on the molecular form of itaconic acid in the order of itaconate moneapiotonated itaconic
acid > neutral itaconic acidv itaconate dianion. Insight into possible reasons for this trend was obtained
from geometry-optimized structures using density functional theory with the B3LYP method at thieG-31
level.

Introduction decarboxylation reaction 1.

Dicarboxylic acids are important components in subterranean
waters! Detailed studies of the pH dependence of decarboxyl- HOZC\C_Cl'_?OzH H C=C/C02H +CO ()
ation of one such acid, malonic acid, have been reported HE ‘ 2CH, 2
recently? Itaconic acid (l) is another dicarboxylic acid that has

The work of Cody et al. dealt with hydrothermal media in which

HOZC\C_C/COZH CO, and H were added. In addition to decarboxylation
/H, reactions, the hydrogenation of itaconic acid occurred leading
HaC to methyl succinic acid. The conversions of itaconic to citraconic

I and mesaconic acids occurred through the methyl succinic acid.

Because no KHwas added in the present work, the conditions
most closely mimic those employed by Carlsson et al.
Despite the impressive amount of knowledge that already
exists about the species involved in the itaconic acid reaction
network, no kinetic measurements of any of the reactions have
been reported previously. The complexity of the network makes

attracted attention in the hydrothermal regifné It was first
known as a byproduct of the pyrolysis of citric acidt is
produced industrially by fermentation Aspergillus terreusind

has been of interest in polymer industry as a monomer and a
copolymer component in part because of its availability from a

renewable nonpetroleum resout€eand in part because it gych determinations info a particularly thorny problem. Nev-
enhances the properties of polymer coatitfys. , ertheless, it appeared to be possible to establish the kinetics of
The hydrothermal chemistry of itaconic acid is potentially 5 |east the decarboxylation of itaconic acid because itaconic
rather complex as a result of the presence of three functional 5.4 has been indicated to be the least stable of all of the
groups, each of which contributes to the reaction pathways. 4rhoxyiate species in the reaction network toward decarboxyl-
Decarboxylation, isomerization (e.g., formation of citraconic 440y and isomerization of the other isomers to itaconic acid
acid (I1) and mesaconic acid (1l)), and hydration are known to receded their decarboxylatiéfé The kinetic behavior of

itaconic acid was determined in real time at hydrothermal
\C=C/ c=c/ conditions as a function of the pH by thfe use of an FTIR
H3C/ N voue” N\ spectroscopy flow reactdt 14 Density _functlongl the_ory_ caI_—
I 2 - culations were also conducted to prqwde additional insight into
the experimental data and mechanism.

HO,C CO,H H,C CO,H

occur at high temperatuée:® In addition, protonation occurs
in highly acidic solutiorf, and polymerization can be initiated
in agueous solutioh. Itaconic acid (99%), citraconic acid (98%), methacrylic acid

The reaction scheme of itaconic acid was outlined in some (99%), HCI, and NaOH were obtained from Aldrich Chemical
detail by Carlsson et &and by Cody et al.in the research on ~ Co. and used as received. Milli-Q deionized water was sparged
the conversion of citric acid to itaconic acid. Carlsson et al. With compressed Ar before use to expel the atmospheric gases.
found that decreasing the solution pH reduced the rate of The pH values of aqueous solutions were adjusted by adding
decarboxylation of itaconic acid but favored the undesirable aqueous HCI or KOH solutions and were measured with an
decarbonylation reaction, while a high pH also quenched the Orion model 330 pH meter. The concentrations of aqueous
decarboxylation reaction. A solution with an itaconic acid-to- itaconic acid, citraconic acid, and methacrylic acid solutions
base of ratio between 5:1 and 10:Tat 350—-375°C exhibited ~ Were controlled to be 0.5 as the pH was adjusted.
approximately 70% conversion to methacrylic acid by the  The flow reactor-IR spectroscopy cell constructed from
titanium with sapphire windows and gold foil seals has been
* To whom correspondence should be addressed. E-mail: brill@udel.edu. described in detail elsewhet&1* The temperature and pressure
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SCHEME 1
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N\ " - + —
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Kr
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€O,
-CO, K % -OH
Ko 1 2 290°C
SCOH Ky COy ]
HLC=C_ === HC=C
cH, H CHs
Methacrylic acid 280°C
M
were controlled within=1 °C and£1 bar, respectively. The ) | , ! ) L )
flow rate was controlled as desired by the use of an Isco syringe 2600 2500 2400 2300 2200
pump in the 0.0%£1.0 mL/min range with an accuracy of 1%. "
Correction of the flow rate was made to account for the density Wavenumber/cm

change with temperature. Transmission IR spectra were recordedrigure 1. FTIR spectra for the formation of GQ(vs) from decar-
at 4 cnt? resolution with a Nicolet 560 Magna FTIR spec- boxylatior) of 0.5mitaconic acid at djfferent temperatures, where the
trometer and an MCT-A detector. Background spectra recorded pressure is 275 bar, the reactor residence time is 37 s, and the=pH
" . . 2.31 (natural value).

on pure water under the same conditions were subtracted. Thirty-
two spectra were summed at each condition, and the rate datayccyrs, which is liberation of COfrom itaconic acid. The
reported herein are the average of three replicated measurementgyoduct methacrylic acid was confirmed to be unreactive at the
The decarboxylation kinetics were determined only ufi t experimental conditions used here by running the flow reactor
330°C and pHs = 0.8-5.75 because it was found that severe gt 340°C and at the longest residence time. In Schemie,1,
leakage at the goldl foil seals f.requently occurred when the cell i, andk, are the decarboxylation rate constants of neutral
was operated at higher solution pH (greater than 6.5) in the jtaconic acid, the itaconate monoanion, and the itaconate dianion,
upper temperature range. On the other hand, the addition ofregpectively. The rate of formation of G®om citraconic acid
HCl to create pH values below 0.8 caused corrosion of the cell 4t jts natural pH is lower than that from itaconic acid at the
at hydrothermal conditions. _ _ same temperature and pressure conditions, which supports the

During the decarboxylation reaction, only the asymmetric occurrence of both fast equilibration among itaconic acid,
stretch of aqueous G@entered at 2343 cm was observed in itraconic acid, and mesaconic acid and the fact that decar-
the band-pass of sapphire windows. To obtain the kinetic hoxylation of citraconic acid occurs only after first converting
parameters, the band area of Qi@as converted to concentration g jtaconic acid. It is known from experiment that the decar-
at each condition by using the Bedrambert Law and the  poxylation rate is slower than the isomerization rfafehe
previously determined molar absorptivity of aqueous,&O  reactivity of the diacids (saturated and unsaturated) toward
Weighted least-squares regresdfowas performed in which  gecarboxylation is being analyzed theoretically and experimen-
the statistical weight was set to besd,/whereo is the standard tally in a separate study. The position of the carboarbon
deviation of the variables. double bond in the diacids plays an important role in the
decarboxylation rate.

Kinetics of Decarboxylation. The decarboxylation reactions

Reaction Pathway of Itaconic Acid. The detailed decom-  of neutral itaconic acid, itaconate monoanion, and itaconate
position pathway of itaconic acid was described by Carlsson et dianion are shown in eqs-2.
al2 and Cody et at.at various hydrothermal reaction conditions.
The experimental conditions used here most closely resemble HO,CC(CH,)CH,CO,H 5 CH,C(CH,)COH + CO, (2)
those of Carlsson et al. The dominant pathways are shown in
Scheme 1. Hydration of the unsaturated reactants and products k, _
(itaconic acid, citraconic acid, mesaconic acid, and methacrylic ~~ O,CC(CH,)CH,CO,H — CH,C(CH,)CO, + CO, (3)
acid) and isomerization of methacrylic acid to crotonic acid were
ignored because they are slow compared with the decarboxyl-- - k -
agtion of itaconic acid‘.?&ccording to Caprlsson et 8land Saka¥, d O,CC(CH)CH,CO, + H0— CHC(CH)CO, +
very fast isomerization equilibria among itaconic acid, citraconic CO,+OH (4)
acid, and mesaconic acid exist at high temperature relative to
the other reactions. It is therefore reasonable to assume that thesAs an illustration, Figure 1 displays the extent of &f@rmation
three diacids are in equilibrium before the dominant reaction from FTIR spectra of itaconic acid with the natural solution

Results and Discussion
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TABLE 1: Observed First-Order Rate Constants (k in s™* x 10%) and Arrhenius Parameters of Decarboxylation of 0.5m
Itaconic Acid Solution at Different Temperatures

pH2s
T(°C) 08 1.25 1.82 2.05 2.31 3.25 3.75 4.25 5.25 5.75
280 0.89+ 062+ 037+ 044+ 076+ 476+ 13.35+ 8.71+ 4.33+ 1.58+
0.08 0.04 0.02 0.02 0.02 0.07 0.34 0.11 0.19 0.05
290 149+ 096+  0.65+ 078+ 135+  7.45+ 21.16+ 13.94+  6.37+ 2.33+
0.08 0.04 0.03 0.03 0.05 0.10 0.59 0.14 0.21 0.08
300 257+ 173+ 1.02+ 140+  2.29+ 11.76+ 3657+ 2170+  10.34+  3.94+
0.10 0.08 0.08 0.05 0.06 0.17 0.79 0.19 0.46 0.19
310 403+  2.58+ 1.54+ 194+ 357+ 17.93+  57.34+ 3316+  17.89+  5.88+
0.13 0.09 0.07 0.07 0.07 0.33 1.14 0.32 0.82 0.33
320 375 271+ 3.30+ 465+ 2838+ 8165+ 49.82+  22.73+
0.11 0.11 0.12 0.13 0.51 2.80 0.58 1.40
330 539+  3.87+ 498+ 671+ 4225+  107.22+
0.18 0.07 0.12 0.16 1.34 4.50
Ea (kJsmol ™) 128.3+ 122.6+
2.5 5.7
In(A/s™Y) 20.0+ 22.4+
0.5 13
4.5
-0.68
4.0 -
-0.72
3.5 - -0.76
-~
! g ]
5]
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Figure 2. The pH change as a function of the percentage of total Figure 3. The rate plot for decarboxylation of Or itaconic acid at
itaconic acid in an itaconic aciecitraconic acid solution at 300C. the natural solution pk = 2.31 and 275 bar.

pHzs = 2.31 at a constant reactor residence time of about 37 S at the reaction temperature.
but at different temperatures. The rate constants for decarboxyl-

ation were extracted from the time dependence of these spectra Ko
at each constant temperature subject to the following consid- CO,+ H,O0=HCO; + HT (7
erations. First, the concentration of itaconic acid at times
) , : . S K, -
obtained from eq 5, where [itaconic agjdis the initial HCO, =2 C032 +H* 8)

concentration of itaconic acid and [G@; is the total CQ

concentration (eq 6).
The dissociation constants of G@ere obtained from Butléf

[itaconic aCid]‘,t = [itaconic acid} — [Coz]n (5) but have not been measured in the temperature range of interest
in this paper. However, the equilibrium constant of any acid
[CO,)1, =[CO,] ps+ [HCO, ] + [0032*] base reaction in aqueous solution at high temperature can be
’ calculated by the use of iso-Coulombic extrapolatfogiven
—co 1+ Kar | KaKa 6 the specific volum® and the dissociation const&dhof water.
= [COons [H]  [HT? ©) Second, calculation of species distribution of G®aqueous

solution as a function of the pH indicated that the hydrolysis of
The calculation of [C@r: requires that the dissociation CO;is sharply reduced with increasing temperature, e.g., at 300
constantK,; and Ky, for the hydrolysis/ionization of C®in °C only 1.09% of the C@is in the form of HCQ™ and 4.3x
aqueous solution (egs 7 and 8) and the solution pH are known107%% is in the form of C@* at pHsgo = 6. By combining
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Figure 4. An Arrhenius plot for the decarboxylation of Onbitaconic
acid solution at different values of the pH.
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\ ]
0.010 o | oy
' Y ; \ 0.2 at 25°C are as follows: itaconic acid K = 3.86, K, = 5.14),
0.005 ) \ N Y citraconic acid (K; = 2.5, K2 = 6), mesaconic acid b =
00 N \ /m ret 3.2, Kz = 4.82), methacrylic acid ¢ = 4.65). The itaconic-
. " AN i . to-citraconic acid ratio is about 4:1 at 17G 3 and 3:1 at 250
0.000 T T T+ 0.0 °C % The citraconic-to-mesaconic acid ratio is about 1:1 at-360
0 1 2 3 4 5 & 7 8 9 10

pH

300

400 °C:2 When these isomerizations are incorporated, the
solution pH of itaconic acid at 30U will be decreased because

Figure 5. The observed rate constants as a function of the pH and the Citraconic acid and mesaconic acid are stronger acids than
distribution of itaconic acid species at 300 and 275 bar. itaconic acid. Unfortunately, full quantitation of the charge

these two calculations, it is acceptable to replacejgQvith palancg e.quanon”|s .not possible at this ',“me F’eca‘%se Fhe
[CO2]obsin €q 5 within the experimental uncertainty isomerization equilibrium constants among itaconic acid, cit-

Third, the solution pH at high temperature was calculated "aconic acid, and mesaconic aci(Kc, andKw) and their
from the charge balance equation of the syst@hyhich can variations with pH and temperature are not available. Therefore,
be obtained from the reactions in Scheme 1. Again, the an approximate calculation of the solution pH at high temper-
necessary dissociation constants of all acids in Scheme 1 at higrature was made using on{r1. On the basis of the ratios given
temperatures must be extrapolated from those at low temper-above3® Figure 2 shows the dependence of pH on the
atureg223using iso-Coulombic method. The ionization constants percentage of itaconic acid in the itaconititraconic acid
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Figure 7. Conformers of itaconate monoanion optimized in the gas phase by B3LYR/&31

solution at 30C0°C. It can be seen that the solution pH is lower and the value at pid = 3.75 to the itaconate monoanion. Values
than that indicated by itaconic acid alone, but the true pH cannot of pH,s = 1.82 and below produced by the addition of strong
be calculated because the complete isomerization process is noficid cause retardation of the isomerization of itaconic &tid,
taken into account. and hence the predominating species is the neutral itaconic acid.

Given the foregoing three considerations, a plot of In [itaconic At the same time, the amounts of protonated itaconic acid and
acidlr; versus the reactor residence titiiedicates that the first-  itaconate monoanion remain very low. For g 3.75, the
order rate law app]ies and y|e|d5 the observed rate Constants_rate constant for decarbOXylation of the itaconate monoanion
Figure 3 illustrates the data at the natural pH of the solution iS about 25 times larger than that at i+ 1.82. The portion
(2.31). In the probable case thag®iparticipates in the reaction, ~ ©f itaconate dianion is very low at pki= 3.75. As the pH is
the rate law might be better referred to as pseudo-first-order. raised further, the decarboxylation of the itaconate dianion takes
The observed first-order rate constants at different values of over and, according to Figure 5, its rate constant is more
the pH are listed in Table 1 and shown as an Arrhenius p|0t in Comparable to that of neutral itaconic acid than to that of the
Figure 4. It is clear that with the addition of HCI the observed mMonoanion.
rate constant decreases and reaches its minimum,gtpH.82 Mechanistic Considerations. An attempt was made to
and then increases slightly with the addition of HCI. With the understand why the itaconate monoanion decarboxylates faster
addition of NaOH, the rate constant increases to its maximum than the neutral acid or the dianion by the use of density
value at pHs = 3.75 and then decreases again. So, the functional theory calculations (B3LYP method) with the rela-
decarboxylation rate of molecular itaconic acid is slower than tively high-level basis set 6-31G*. The Gaussian 98 program
that of itaconate monoanion and protonated itaconic acid{HO package was employé#8These calculations should be viewed
CC(CH,)CH,COH,™). The change of the rate constant with as an estimate of the processes because no accounting was made
pH is shown graphically in Figure 5 in comparison with the for the existence of the water medium. After a careful structural
calculated distribution of itaconic acid species. The pH values search, eight conformers of itaconic acid and eleven conformers
at 300°C were used without consideration of the isomerization of the itaconate monoanion were found. The optimized structures
of itaconic acid. As was already noted above (Figure 2), of itaconic acid and itaconate monoanion are shown in Figures
inclusion of the isomerized species lowers the pH from that 6 and 7, respectively, along with their relative energies. The
indicated in Figure 5, which would improve the apparent crystal structure of itaconic adlis close to Itacon-6. Because
mismatch of the experimental rates and calculated concentration®f the existence of the germinaFC bond, the C+C2—-C5—
of the species. If the true values of the solution pH were known, C6 dihedral angle in all structures approaches zero. The
it would have been possible to fit the observed rate constantsconformers of itaconate monoanion with intramolecular hydro-
and thereby obtain the rate constants for decarboxylation of gen bonding produce the lowest energy structures, which is not
protonated itaconic acid, neutral itaconic acid, and itaconate the case for itaconic acid. Because the@bond is electron-
monoanion. This procedure was successful in our recent studywithdrawing, the hydrogen ion of the carboxylate group in the
of a-alanine?* Instead, we assigned the decarboxylation rate a position should dissociate first, but the theoretical calculation
constant at pks = 1.82 to reflect that of neutral itaconic acid indicates that the energy difference in the position of the
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However, the energy barriers are similar. The dianion has no
transferable H atom on the carboxylate groups and thereby must

decarboxylate by the participation of,8. As appears to be
the case with the malonate diani®hydration of the carboxylate
center by HO may be a necessary step before the reaction can
occur, which reduces the rate.

The transition states of decarboxylation for itaconic acid and
itaconate monoanion found computationally are supported not
only by experimental results but also by the fact that the

T8-1 TS-2 transition states of decarboxylationfj-unsaturated carboxylic
Figure 8. Transition states for the decarboxylation of neutral itaconic aCids both experimentafiyand theoreticall$ involve intramo-
acid and itaconate monoanion. lecular cyclic structures. The average of the activation energies
) for decarboxylation of the neutral and monoanionic itaconic acid
TABLE 2: Atom Charges and Bond Distances (Table 1) is similar to that of the same two forms of malonic
itaconic  itaconic itaconate itaconate transition transition acid (125 vs 120 kJ/mol), but the average exponential factor,
acid acid mono-  mono- state state i 1) —
atom (Itacon-5) (Itacon-7) anion (3) anion (7) (TS-1) (TS-2) A .IS r.nUCh smallgr [Ink/s ) 29 V.S 21.5]. Hence' the
o = p activation entropy is the main controlling factor in the decar-
arge (esu H iaci
c1 041  —080 —o0B5 —084 -090 089 boxylation rathes of these two diacid gomﬁounds. TijIIborE)d A
co 1042 4060 +055 4066 +057 +0.38 scission is the common process in these reactions, but the
c5 -083 -1.04 -088 -079 —0.75 —0.66 activation energies for the decarboxylation of monocarboxylic
C6 +0.47  +059 4044 +0.62 +0.49 +0.48 acids, which also involves €€C bond scission, range widely
gg fg-ig fg-gg J_Fg-gi tg-gi jg-ig fg-gg (30—300 kJ/mol). The main feature that the itaconic and malonic
09 061 062 064 —063 -059 053 acids have in common is the ability to form an intramolecular
012 -057 -059 —063 -0.56 —040 —051 hydrogen bond.
013 -043 —048 —-057 -048 -043 —055
Bond length (A) Acknoyvledgment. We are _grateful to the National Science
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