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The protonationsofmaleic and fumaric acid in an acidicmedium(aqueous solu-
tions of sulfuric acid) were followed spectrophotometricallyat room temperature. The
acid-baseequilibriawere characterisedqualitativelyandquantitatively. ThepKBH+val-
ues were determined using the Hammett equation, employing several acid functions in
order to determine which of them describes best the protonation process of the studied
organic acids. The thermodynamic pKBH+ values as well as those of the solvation pa-
rametersm, m* and f and of the thermodynamic protonation constants (or, rather, the
pKa,p values)were also defermined.Themethodof characteristicvector analysis (CVA)
was used to reconstruct the experimental spectra.
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EXPERIMENTAL

Two series of solutions in which the concentration of maleic and fumaric acid was constant
(1´10-4mol/dm3) and that of sulfuric acidwasvaried (from1mol/dm3 to 17.5mol/dm3)were prepared.
The behaviour of the dicarboxylic acids was monitored through the changes in the 190�250 nm region
of the absorption spectra recorded on a Hewlett Packard 8452 A Diode-Array Spectrophotometer. A
sulfuric acid solution (of the same concentration as in each investigated solution) was used as a blank.
The absorbance values needed for the calculations were determined at four selected wavelengths: 212,
216, 222 and 228 nm (formaleic acid) and 202, 210, 222 and 228 nm (for fumaric acid). At thesewave-
lengths (using Bear's law) the values of the molar absorption coefficients of the protonated and
non-protonated formof the carboxyl acidswere determined. For this, solutions inwhich the concentra-
tions of the organic acids were 0.8´10-4 mol/dm3; 1´10-4 mol/dm3 and 1.2´10-4 mol/dm3, while the
H2SO4 concentrationwas kept constant (1mol/dm3 for the non-protonated form and 17.5mol/dm3 for
the protonated one)were prepared and the absorbance values (at thementioned fourwavelengths) for
each of them were recorded. The data for the values of the molar absorption coefficients and the
absorbance values for each investigated solution, substituted into the Beer law, resulted in an
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overdetermined system of equations with two unknowns: the concentrations of the unprotonated and
that of the protonated acid. This system was solved with the MATHCAD software package.
MATHCADwas also used to calculate the Hammett pKBH+ values for three acid functions, those of
Poul and Long,12 of Bonner13 and the amide function14 in order to see which of themwould best de-
scribe the protonation of the studied organic acids.

The pKBH+ value was graphically estimated by the method of Davis and Geissman,19

Yates-McClelland,15Bunnett-Olsen16 and the �excess of acidity�method,17 using the STATGRAPH
softwere package,whichwas also used to calculate the pKa,p values by themethod of Seyda.18Simul-
taneously, the slopes of the straight lines log I = f(HA); log I + log c(H+) = f(X); log I +H0 = f H0 + log
c(H+) and log I = f �(n + 1) log c(HA) . Also the correlation coefficients and the
standard deviationswere calculated. In the above equations and in the following,X (the �excess acid-
ity�) is the difference between the observed acidity and that which the system would have if it were
ideal, I is the protonation ratio (the ratio of the equilibrium concentrations of the protonated and
non-protonated forms of the base, i.e., of the BH+ and B species, respectively) and c(J) is the relative
equilibrium concentration of species J, i.e., the ratio of the equilibrium concentration and the stan-
dard value of the concentration taken as 1 mol dm-3.

To compenstate for the effecxt of the medium on the appearance of the spectra, the method of
characteristic vector analysis (CVA)20was employed using the computer programme of Edward and
Wong.21

The two organic acids (maleic and fumaric) and sulfuric acidwere p.a. products obtained from
Merck andAlkaloid (Skopje). Stock solutions of maleic and fumaric acid (in both cases the acid con-
centration was 5´10-3 mol/dm3) were prepared as primary standards, whereas the exact concentra-
tion of sulfuric acid was determined by titration with a standard NaOH solution.

RESULTS AND DISCUSSION
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Fig. 2. Ultraviolet spectra (from 1 to 16) of fumaric acid (c = 1.0´10-4 mol dm-3) in sulfuric acid
(from c = 1.0 mol dm-3 to c = 17.5 mol dm-3).

Fig. 1. Ultraviolet spectra (from 1 to 11) of maleic acid (c = 1.0 ´10-4 mol dm-3) in sulfuric acid
(from c = 1.0 mol dm-3 to c = 17.5 mol dm-3).
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Fig. 3. The absorbance values (at l = 228 nm) as a function of the sulfuric acid concentration, for
maleic acid 1) and for fumaric acid 2).

Fig. 4. Reconstructed ultaviolet spectra (from 1 to 11) of maleic acid (c = 1.0 ´10-4 mol dm-3) in
sulfuric acid (from c = 1.0 mol dm-3 to c = 17.5 mol dm-3).
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Fig. 5. Reconstructed ultaviolet spectra (from 1 to 11) of maleic acid (c = 1.0´10-4 mol dm-3) in
sulfuric acid (from c = 1.0 mol dm-3 to c = 17.5 mol dm-3).
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TABLE I. The data obtained by spectrophotometric measurement of maleic acid (c = 1.0´10-4 mol
dm-3) in sulfuric acid solutions

c(H2SO4)
mol dm-3

A212

(46927; 76815)*
A216

(35328; 85185)*
A222

(26281;91993)*
A228

(17095; 84000)*

1 0.4737 0.3772 0.2641 0.1722

5 0.6096 0.5268 0.4075 0.2841

9 0.7411 0.7062 0.6023 0.4287

10 0.7920 0.7657 0.6668 0.4795

11 0.7806 0.7731 0.6839 0.4912

12 0.8331 0.8375 0.7649 0.5926

13 0.8369 0.8581 0.8221 0.6678

14 0.8630 0.9094 0.9194 0.8013

14.5 0.8360 0.8975 0.9314 0.8343

15 0.8574 0.9187 0.9571 0.8638

16 0.7944 0.8671 0.9295 0.8533

16.5 0.8336 0.9101 0.9737 0.8958

17 0.7238 0.8088 0.8797 0.8078

17.5 0.7575 0.8453 0.9156 0.8381

*The values in parentheses are the molar absorption coefficients (e/mol-1 dm2) of nonprotonated and
protonated acid, respectively
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Fig. 6. Dependence of log I on HA for fumaric acid (c = 1.0 ´10-4 mol dm-3).

Fig. 7. Dependence of log I on �(n + 1) log c(HA) for maleic acid (c = 1.0 ´10-4 mol dm-3).



TABLE II. The data obtained by spectrophotometricmeasurement of fumaric acid (c = 1.0´10-4 mol
dm-3) in sulfuric acid solutions

c(H2SO4)
mol dm-3

A202

(108737; 63638)*
A210

(126658; 92968)*
A222

(93602; 122965)*
A228

(55935; 108026)*

1 1.1050 1.2810 0.9486 0.5708

3 1.0740 1.3090 0.9856 0.6041

5 1.1300 1.2900 0.9909 0.6165

6 1.0470 1.2310 0.9645 0.5908

9 1.0200 1.2190 1.0260 0.6674

10 1.1000 1.3080 1.1330 0.7719

11 1.0380 1.2630 1.1340 0.7729

12 0.9212 1.1580 1.0790 0.7459

13 0.9531 1.1960 1.1440 0.8095

14 0.9473 1.2080 1.2030 0.8916

14.5 0.9346 1.1960 1.2220 0.9252

15 0.9216 1.1870 1.2590 0.9948

15.5 0.9360 1.2000 1.3040 1.0560

16 0.8124 1.0860 1.2400 1.0200

16.5 0.8342 1.1090 1.3130 1.1140

17 0.6901 0.9775 1.2420 1.0560

17.5 0.6594 0.9613 1.2630 1.1040

*The values in parentheses are the molar absorption coefficients (e/mol-1 dm2) of nonprotonated and
protonated acid, respectively
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TABLE III. The values of the dissosiation constants of protonatedmaleic and fumaric acid in sulfuric acid calculated numericaly and graphically, using
the Hammett equation

The values obtained from the experimental spectra

Acid
H0 (Paul and Long method)12 H0 (Bonner method)13 HA (amide method)14

pK (H0)1/2 Slope pK (H0)1/2 Slope pK (HA)1/2 Slope

Maleic �6.07±0.65 �6.08 0.41 �6.32±0.84 �5.69 0.54 �3.98±0.26 �4.00 0.69

Fumaric �6.25±0.82 �6.82 0.25 �5.86±0.56 �5.25 0.33 �4.18±0.38 �4.44 0.42

The values obtained from the reconstructed spectra

Maleic �5.44±0.49 �5.22 0.39 �5.22±0.31 �5.26 0.50 �3.63±0.17 �3.66 0.67

Fumaric �6.24±0.87 �6.69 0.29 �5.86±0.52 �6.15 0.38 �4.17±0.35 �4.36 0.49

TABLEIV. Thevaluesof the thermodynamicdissosiationconstantsof the protonatedmaleic and fumaricacid in sulfuricacid, calculatedfrom the experi-
mental and reconstructed spectra

The values obtained from the experimental spectra

Acid
Yates�McClellandmethod15 Bunnett � Olsen method16 Cox � Yates method17

pKBH+ m pKBH+ f pKBH+ m*

Maleic �2.77±0.13 0.69 �2.93±0.14 0.63 �2.62±0.13 0.30

Fumaric �1.87±0.02 0.42 �2.24±0.03 0.81 �2.06±0.03 0.16

The values obtained from the reconstructed spectra

Maleic �2.43±0.09 0.67 �2.53±0.09 0.67 �2.30±0.08 0.29

Fumaric �2.13±0.09 0.49 �2.44±0.10 0.76 �2.08±0.16 0.15
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TABLEV.Thevaluesof the thermodynamicprotonationconstantsofmaleicand fumaricacid in sulfu-
ric acid, calculated by applying the method of Seyda18

Acid n + 1 pKa,p Slope

Maleic 5.56 6.03±0.17 0.999

Fumaric 3.44 3.92±0.04 0.999

a,p
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I Z V O D

PROTONIRAWE MALEINSKE I FUMARNE KISELINE U VODENOM RASTVORU

SUMPORNE KISELINE

KATICA JANKOVSKA, LIDIJA [OPTRAJANOVA i ILINKA SPIREVSKA

1Tehnolo{ko-metalur{ki fakultet, Ru|er Bo{kovi} bb, 911000 Skopje i 2Institut za hemiju,

Prirodno-matemati~ki fakultet, Univerzitet �Sv. Kiril i Metodij, p. pr. 106, 91000 Skopje, Republika

Makedonija

Spektrofotometrijskom metodom, na sobnoj temperaturi, pra}eno je protoni-
rawe maleinske i fumarne kiseline u kiseloj sredini (vodeni rastvor sumporne
kiseline). Date su i kvalitativna i kvantitativna karakteristika nastale aci-
do-bazne ravnote`e. pKBH+ vrednost je izra~unata primenom Hametove jedna~ine pri
~emu su kori{}ene razli~ite kiselinske funkcije da bi se utvrdilo koja od wih
najboqe karakterizira proces protonirawa ispitivanih organskih kiselina. Izra-
~unate su i termodinami~ke pKBH+ vrednosti, vrednosti solvatacionih parametar m,

m* i f kao i termodinami~ke konstante protonirawa (pKa,p vrednosti). Za rekonstru-
kciju eksperimentalnih spektara, primewena je metoda karakteristi~ne vektorske
analize (CVA).

(Primqeno 26. junuara, revidirano 12. juna 2000)
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