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Summary-The acid properties of a soil fulvic acid (sfua) were characterized by ~tentiome~c titration 
with tetrabutylammonium hydroxide in two non-aqueous solvents with high acid-base resolution power, 
N,N-dimethylformamide (DMF) and acetonitrile. Synchronous fluorescence spectroscopy (SyF) was also 
used to monitor directly the sfua status during the potentiometric titration in DMF. The potentiometric 
titration curves showed no clear end-point and the analysis of the sets of spectra obtained at increasing 
neutr~i~tion degree, with a elf-m~eling curve resolution method ~SIMPLISMA), revealed the existence 
of two components with featureless concentration profiles. Internal standards (maleic, salicylic and 
p-hydroxylbenzoic acids) were used to determine the amounts of acid groups with different acid strengths 
in the two non-aqueous solvents. It was shown that the variations observed in the SyF spectra sets of 
the internal standards am not correlated with those observed in the sfua data. The splitting of the sfua 
groups in the non-aqueous titration curves seems to be forced artificially depending on the standards used. 

Non-aqueous solvents have been used in the 
study of the acid group composition of humic 
substances (HS) and related compounds to 
overcome the powerful acid leveling effect of 
water.la Indeed, although these substances are 
complex mixtures of acid functionalities con- 
taining carboxylic and hydroxylic structures, the 
shape of a titration curve in water (pH vs. 
volume of strong base) allows the identification 
of only one end point, situated at neutral pH. 
N,N-Dimethylformamide (DMF)2.3 and 
dimethyls~phoxide (DMSO)” have been used 
as solvents for potentiometric titrations of HS 
with glass electrodes instead of water but, sur- 
prisingly, the expected enhancement of resol- 
ution of the titration curve was not observed. To 
overcome this situation, an experimental strat- 
egy based on the use of internal standards 
(known amounts of well defined substances) has 
been usedzd and up to three classes of acid 
groups could be titrated. The problem of vali- 
dating this analytical procedure is very difficult 
because there are as yet no reliable model 
compounds of HS since little st~ctural infor- 
mation is available about them. 

‘Author to whom correspondence should be addressed. 

HS molecules contain fluorescent fractions, 
which work as probes in their complex molecu- 
lar environment, therefore molecular fluor- 
escence spectroscopy can be used in studies 
about the interaction of these materials and 
metal cations”‘O or organic compounds.“.‘* 
More recently, synchronous fluorescence (SyF) 
spectroscopy started to be used for the study of 
HS’**‘3 and related products, like leaf litter ex- 
tracts.14 SyF opened new perspectives for the 
characterization of these substances, mainly be- 
cause of the large enhan~ment of resolution 
and amount of information of the SyF spectra 
relatively to the more traditional fluorescence 
modes of analysis (emission and excitation). In 
our earlier studies,‘5.‘6 it was concluded that 
from the variations observed in the SyF spectra 
of fulvic acids in aqueous solutions with pH, 
macroscopic acid-base constants can be deter- 
mined from the analysis of the spectra with 
powerful self-modeling curve resolution tech- 
niques like evolving factor analysis” or SIM- 
PLISMA.‘“” 

This paper reports the characterization of the 
acid properties of a soil fulvic acid (sfua) by 
potentiometric titrations in non-aqueous sol- 
vents. DMF and acetonitrile (AN) were used. 
AN was not used in previous studies’-’ but, since 
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it is a stronger acid than DMF, it was included 
to investigate if an increase of resolution rela- 
tively to DMF was observed in the titration 
curve. Internal standards were used in both 
solvents to improve the resolution of the acid 
groups of the sfua into a small number of 
classes. Also, a new approach to the use of 
non-aqueous solvents for the analysis of the acid 
properties of HS is presented and discussed in 
this paper. The procedure consists of using SyF, 
together with potentiometry and with spectral 
analysis by a self-modeling curve resolution 
method, SIMPLISMA, as a direct method for 
monito~ng the sfua molecular status as function 
of the degree of neutralization. Since no study 
about the theoretical foundations of the use of 
internal standards in potentiometric titrations 
was detected in the literature, this direct analysis 
was also used to investigate if there exists any 
relation between the titration of the acid groups 
of the internal standards and the titration of any 
acid groups or classes of acid groups of sfua, 
with the purpose of finding a validation pro- 
cedure for the internal standards methodology. 

The sample of sfua was isolated from a 
Portuguese forest soil collected at Louros, 
Famalicao (30 km from Porto), by the pro- 
cedure recommended by the IHSS.*O 

Analytical grade reagents were used to pre- 
pare all solutions. For the potentiomet~c 
titrations, the titrant was O.OlSM tetrabutyl- 
ammonium hydroxide (Bu,NOH) solution in 
i-propanol, prepared from a commercial 
solution (ea. O.lM) of the compound in 
methanol/~-propanol {Merck), standardized 
with a standard solution of O.OlM nitric acid 
(Titrisol Merck} and kept under nitrogen. 

For the potentiometric titrations in DMF, 
solutions of salicylic acid (SAL) and p-hydrox- 
ylbenzoic acid (pHB) (l-3 mM) were prepared 
in this solvent to be used as internal standard. 
Sfua solutions (0.6 g/l_) were prepared by rigor- 
ous weighting and using the internal standard 
solution as solvent. Typical experiments con- 
sisted of the titration of 5.00 ml of these sol- 
utions with Bu,,NUH fusing a titrant increment 
of 0.050 ml). The equivalent volumes corre- 
sponding both to each internal standard (to 
each protolysis for the diprotic acids) and to 
sfua were about 1 ml. 

For the titrations in AN, a similar procedure 
was used but two internal standard solutions 

were prepared with binary mixtures of maleic 
acid (MAL) and SAL, and of SAL and pH3. 
The sfua sample was not compfetely soluble in 
AN, but dissolved after the first few additions of 
the strong base used as titrant. 

For the potentiometric -t- fluorescence ti- 
trations in DMF, solutions of 0.06 g/l sfua in the 
presence of 0.7 mM perchloric acid were used. 
The titrant was the commercial solution of 
Bu,NOH in methanol/~-propanol ~Merck) di- 
luted in DMF. Pure sfua solutions as well as 
mixtures of sfua and an internal standard were 
titrated. Three internal standards were used: 0.1 
mM SAL; 2 mM pHB; and 2 mM catechol 
(CAT). 

Apparatus fur the potentiometric titrations 

Potentiom~tric titrations were made with an 
automatic system (Metrohm Titroprocessor 636 
coupled to a 5.000 ml Dosimat E635) with an 
Ingold IX202 glass electrode and an Orion 30- 
02-00 (double junction) reference electrode 
(O.lM tetrabutylammonium chloride in i- 
propanol was used as outer solution). Titration 
end-points were calculated by derivative 
methods. 

Apparatus for the potentiometric +$uorescence 
titrations 

Burette control and potential readings were 
conducted with a PC controlled system assem- 
bled with a Crison MicropH 2002 pHmeter, a 
C&on MicroBu 2030 microburette, a Philips 
GAT 130 glass electrode and a Radiometer 
K7 11 (double junction) reference electrode 
(0.W tetrabutylammonium chloride in DMF 
was used as outer solution). 

Fluorescence measurements were made with a 
Perkin-Elmer LS-50 Luminescence Spec- 
trometer with a flow cell. A Gilson Minipuls-2 
peristaltic pump forced the dispIa~ment of the 
titrated solution (ca. 1 ml) into the flow cell after 
each addition of titrant (after me~urement, this 
fraction was rejected). During potential and 
fluorescence intensity measurements, the pump 
was turned off. Synchronous fluorescence spec- 
tra were recorded with the following instrument 
settings: between 250 and 550 nm; 0.5 nm 
resolution; 7.5 nm excitation and emission slits 
width; wavelength difference of 20 nm; and scan 
rate of 200 nm/min. Data spectra were stored on 
disk and converted to ASCII format with LAB 
CALC software (Galactic Industries Co., 
U.S.A.). 
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CALCULATIONS 

Determination of the number of equivalent acid 
groups 

The sfua solutions were prepared in solution 
with known concentration of internal standards. 
Hence, the number of equivalents of acid groups 
in the molecules of sfua titrated at the ith 
titration point (Neq,, mmol H+/g sfua) is given 
by: 

Neq, = ( Vyfua+rs - V~s)C,/C,,,, (1) 

where, VTrua + is is the volume of strong base 
added up the i th end-point in the titration of a 
solution of sfua plus internal standards; Vi” is 
the volume of strong base added up to the same 
end-point, in the titration of a pure solution of 
internal standards; C, is the concentration of 
the Bu,NOH titrant solution is M; Csfua is the 
concentration of the sfua solution in g/l. 

~I~P~rS~A, analysis of the SyF spectra 

SIMPL~SMA”-I’, used as a spectroscopic 
self-modeling multiwavelength analysis tech- 
nique for the SyF data reduction, is briefly 
described in this section. The first step of the 
SIMPLISMA procedure is the determination of 
the pure variables. In the present case, a pure 
variable is a wavelength of the SyF spectrum of 
which the intensity value is due to only one 
component of the mixture. In this process, the 
spectral set under analysis (represented by 
matrix D, size n, x ns, where n, is the number of 
variables-wavelengths-and n, is the number 
of spectra) is reduced to three vectors or spectra 
named: mean spectrum, m; standard deviation 
(SD) spectrum, s; and purity spectrum, p. The 
elements of the mean spectrum are defined by 

n?,=(lln,)~(j=,,,,,,~;j G= 1 -. .%I, (2) 

the elements of the SD spectrum by 

Si = ((l/n,) Co= 1, .,n,,(di,j - m02)“* 

(i = 1 * * - 4) (3) 

and the elements of the purity spectrum by 

pi = Si/T?Zf (i = 1 . . . ?t,). (4) 

For small mi values, where information is small 
and noise is relatively large, pi values may 
become large. In order to remove this unwanted 
effect an offset is added to data. 

The visualization of vectors s and p as spectra 
will be crucial for the detection of pure vari- 
ables. The wavelength with the highest intensity 
in the purity spectrum is the first pure variable. 
The SD spectra can be used to check the validity 
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of the selected pure variable. The variations that 
are associated to the selected pure variable are 
removed from the standard deviation and purity 
spectra and the second pure variable is deter- 
mined. This process is repeated until these speo 
tra show only noise, i.e. when all the useful 
information is removed. If the determination of 
the rank of the system (the number of indepen- 
dent species, nr,, that are provoking variance in 
data) is not visually sharp after dete~ining j 
pure variables, the following two error functions 
can be helpful: 
R,, the relative total intensity of the SD spectra 

Kj= loo X@= I...nv)si,j/ zC,i= i...n,)%,t (9 

and R,, the ratio of the relative total intensities 
of the j and the j + 1 SD spectra 

R, = &I&~+ I)* (6) 

The second step of the SIMPLISMA procedure 
is the resolution of data into spectra (matrix S, 
size npxn,) and concentration profiles (matrix C, 
size n, x np) for the number of detected species. 
Assuming that all the components have the 
same fluorescence efficiency, the concentration 
profiles are equal to the fluorescence intensities 
of the correspon~ng pure variables after nor- 
malization. If the data matrix is expressed as 

DT = CS, (7) 

the spectra and concentration profiles can be 
calculated by a least-squares procedure 

s = (CW-‘CID7 (8) 

C = DTST(SST)-‘. (9) 

In equation (S), the intensities of the pure 
variables in the D spectra matrix are used in C. 

The components found in the analysis of the 
SyF spectra, obtained as function of the extent 
of neutralization of sfua, are related to the acid 
groups involved in that process, because the 
variations observed in the SyF spectra are a 
macroscopic view of that phenomena. 

RESULTS AND DISCUSSION 

Potentiometric titrations in aqueous solution 

The shape of a titration curve with a strong 
base of an aqueous solution of the present sfua 
acid was that trivially described in the litera- 
ture.2’-23 This curve is characterized by a plateau 
on the acid pH region, showing a relatively 
strong buffer capacity, and by a clear end-point 
at neutral pH. This shape of the titration curve 
is due to the acid-base leveling capacity of 
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Fig. 1. Titration curve in DMF of a solution of (A) sfua, (B) 
sfua plus 0.1 mh4 of SAL and pHB and (C) sfua pius 0.3 

m&f of SAL and pHB. 

water, which allows no clear differentiation of 
the acid-base strengths between acid groups 
unless their acidities are markedly different, and 
to its high dielectric constant, which minimizes 
the effect of charge accumulation on the 
polyelectrolyte sfua molecules on the acid-base 
properties of the acid groups. 

The amount of acid groups that are titrated 
up to about pH 7 (the equivalent point deter- 
mined by the methods of the first and the second 
derivative) will be called the total acidity di- 
rectly titrated in water (T,). For the present 
sample of sfua, this quantity was 5.74 mmol/g. 

Pot~~tiom~tri~ titrations & DMF 

In contrast to what is observed in the titration 
curve in water, the acid-base titration curve in 
DMF of a sfua pure solution (Fig. 1, curve A) 
shows no sharp end-point and the buffering 
capacity found in water is no longer detected in 
the first part of the titration: the potential 
decreases with the consumption of strong base 
spent with the neutralization of acid groups. 
This result, normal for HS,2-6 is not found 
for simple compounds. Indeed, the shape of 

titration curves of simple compounds shows the 
characteristic plateau due to the acid buffering 
capacity. The first derivative titration curves of 
sfua show several peaks, but their shapes and 
relative positions are not reproducible and they 
are unsuitable for analytical purposes. 

To achieve resolution in the DMF titrations, 
an internal standard composed of a mixture of 
SAL (pK,, = 2.70 in watep) and pHB 
(p& = 4.36 and ply, = 8.99 in wate?) in the 
same molar concentrations was used. Curve B in 
Fig. 1, shows the effect of this internal standard 
(1 mit4 concentration of each component) on 
the titration curve of sfua, where the appearance 
of three end-points became visible. Better resol- 
ution, with more clear end-points, is obtained 
with a higher concentration of internal stan- 
dards as shown on Fig. 1, curve C (3 mN 
concentration of each component). The three 
end points correspond successively to the ti- 
tration of the carboxylic group of SAL (between 
ea. 100 and - 100 mv), carboxylic group of 
pHB (between cu. - 150 and - 350 mV) and 
phenolic group of pHB (between cu. -400 and 
-500 mV). Similar results have been reported 
in the literature.4 

The amounts of acid groups in sfua directly 
titrated in DMF in the presence of internal 
standards are presented in Table 1. The total 
quantity of acid groups determined in DMF (5.2 
mmol/g) was less than T, (5.74 mmol/g). At first 
sight, this may appear surprising, because, in 
DMF, groups with an acid strength similar to 
phenols (like the phenolic group of pHB) are 
also titrated, in contrast to what happens in 
water. There are two factors affecting the acid 
character of the groups in sfua molecules: the 
intrinsic heterogeneity of acid-base structures 
and the accusation of charge on the sfua 
molecules, which is highly solvent dependent. 
The interpretation of the acid-base properties of 
a substance, even for a pure substance, in a 
non-aqueous solvent like DMF, is much more 

Table I. Amount of equivalent acids (mmol/g sfita) obtained by the 
titration of sfua in DMF and AN, in the prcscnee of internal standards, 

and in water* 

DMF AN Water 
Class of 
acid groups Cumulative A Cumulative A Cumulative 

: 
1.16(6) 

2.30 (7) 2.25 (3) 1.09 
3 4.50 (9) 2.20 4.06 (9) 1.81 
4 5.2 (1) 0.69 4.81 (6) 0.15 5.14 (8) 

*Average of five (DMF), four (AN) and five (water) titrations with 
standard deviations in parentheses. 
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difficult than for water. Indeed, the solvation 
capacity and hydrogen bonding of this non- 
aqueous solvent are quite different than those of 
water, chemical equilibria in it are much more 
involved2$ and, as its dielectric constant is nearly 
half of that of water, the effect of charge ac- 
cumulation in the acid properties is non- 
negligible. For the sfua, interpretation of the 
acid-base properties in DMF is even more 
difficult because they are a mixture of unknown 
heterogeneous polyelectrolytes. Ignoring chemi- 
cal heterogeneity, and considering only the 
charge accumulation at the sfua polyelectrolyte 
molecules, a possible explanation for the deter- 
mination of less acid groups in DMF than in 
water is that a fraction of phenolic groups and 
a small fraction of carboxylic groups are too 
weak to be titrated in DMF. 

A detailed analysis of the first part of the 
three titration curves of Fig. 1 suggests the 
existence of acid groups stronger than SAL 
because the titrations began above the 100 mV 
while the neutralization of SAL alone began 
below 100 mV. For a more detailed analysis of 
the part of the titration curve around 100 mV, 
which corresponds to the most acid groups, AN, 
a more acid solvent than DMF, was used. 

Potentiometric titrations in AN 

The titration curves of pure solution of sfua 
in AN (Fig. 2) showed an incipient resolution in 
three acid groups, but the inflection points were 
not marked enough to extract quantitative re- 
sults. Relatively to the DMF titrations, a larger 
potential range was found (400 to -550 mV, 
while for DMF the range was between 150 and 
-550 mv). 

Fig. 2. Titration curve in AN of a solution of sfua with 
concentration (A) 0.6 and (B) 1.2 g/l. 

WI 

Fig. 3. Titration curve in AN of (A) a solution of SAL and 
pHB and (B) the same solution as in (A) plus sfw. 

The titration curves of a mixture of SAL and 
pHB (curve A) and of a mixture of sfua with this 
solution (curve B) are compared in Fig. 3. An 
effect similar to that observed in the DMF 
titrations, with clear resolution of the titration 
curve of sfua into three titration points in the 
presence of the internal standards, is observed, 
and the existence of acid groups stronger than 
salicylic acid is now much more evident. 

MAL (ply,, = 1.65 in wateilb), which is 
stronger than SAL in water, was used as internal 
standard, together with SAL, to analyze the 
range of potential between 400 and 200 mV. 
Figure 4 shows titration curves of this internal 
standard in AN (curve A) and of a mixture of 
sfua with this same solution (curve B). The 
figure shows that the stronger acid groups of 
sfua fall into the first end point, which corre- 
spond to the first protolysis of MAL. The 
second end point of the titration corresponds to 

Fig. 4. Titration curve in AN of (A) a solution of MAL and 
SAL and (B) the same solution as in (A) plus sfua. 



SAL. In conclusion, when dissolved in DMF 
and AN, the present sfua sample shows acid 
groups with strengths similar to those of MAL, 
SAL and pHB. In AN, the carboxylic acid that 
corresponds to the second protolysis of MAL 
was too weak to be titrated.25 

The amounts of equivalent acid groups ti- 

ht. 

so 

trated in AN with the use of the two sets of 
internal standards are presented in Table 1. The 0 

sum of the quantities of the two first acid groups I 1 

determined in AN, which have close values a. 250 Wavelength (nm) 
550 

[ 1.16(6) + 1.09 = 2.25(3)], is similar to the 
amount of the first group determined in DMF Irk 
[2.30(7)]. The total amount of acid groups de- 
tected in AN [4.81(6)] is somewhat smaller than 
for DMF [5.2(l)]. This may result from the 150 

much smaller dissociation constants of acid 
groups in AN than in DMF,” mainly due to the rpsctrum 

much weaker basicity of the first solvent, which 0 

means that some of the acid groups titrated in I , 
550 

DMF are not titrated in AN. 
The use of AN as a solvent for the titration 

b. 250 Wove~en~h (nm) 

of the sfua complemented the information col- 
lected from the titration in DMF because it has 
a high resolving power of the acid strength for 
the most acidic groups present in the sfua 
sample. Indeed, it allowed the unequivo~l 
identification and quantitation of acid groups 
stronger than those of salicylic acid in these 
dipolar aprotic solvents. 

~ote~t~ornet~i~ ~~~oresce~ce titrations in DMF I f 
c. 250 Wavelength (nm) 

550 
Preliminary analysis. SyF spectra of the sfua 

as function of the volume of the titrant 
(Bu,NOH) in DMF are shown in Fig. 5a. The 
spectra include four main bands at 345,400,450 
and 500 nm, for which different variations with 
the increase of neutralization extent are ob- 
served. The effect of the presence of the internal 
standards can be seen in Fig. 5bd. Some new 
bands in the lower wavelength spectral range 
show more abrupt variations, with increase of 
the neutralization degree, than the sfua bands. I 7 

To study the effect of the internal standards d. 250 
W~alength (nm) 

550 

on the fluorescence properties of the sfua to 
investigate whether there exists any correlation 

Fig. 5. SyF spectra as function of volume of titrant 
(Bu,NOH) of (a) sfua without internal standard (b) 

between the variations observed in the SyF sfua + SAL (c) sfua + pHB and (d) sfua + CAT. 

spectra of the sfua and those observed for the 
internal standards, further direct analysis of the 
four data sets represented in Fig. 5 is impracti- Sr~PLrS~A a~~~ys~s. The number of com- 
cable, due to the complexity of the situation ponents that show different variations in the 
(multiwavelength and multispectra data have to sfua spectra of Fig. Sa, i.e. that are not corre- 
be compared). SIMPLISMA was used for data lated, is two, as can be seen from the analysis of 
reduction to allow the comparison. the SD and purity spectra shown in Fig. 6A and 
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Fig. 6. Standard deviation (a, c, e, g, i) and purity 
(b, d, f, h, j) spectra resulting from the SIMPLISMA analy- 
sis of the spectra sets for (A) the sfua without internal 
standard and (B) sfua + CAT: first set (a, b); second set 
(c, d); third set (e, f); fourth set (g, h) and fifth set (i. j). 
Arrows indicate the pure variables. Maximum intensities of 
the spectra ,in Ae, Ag, Bg and Bi are 2 x 10es, 5 x 10m6, 

4 x IO--’ and 3 x 10m6, respectively. 

from the error functions shown in Table 2. In 
fact, the R, error function (Table 2) showed a 
marked decrease (R, = 154) when passing from 
the second to the third SD spectrum (from 5.8 
to 0.04) (Fig. 6Ac and e) and the third SD and 
purity spectra (Fig. 6Ae and f) were almost zero 
with the main band in the purity spectrum in the 

highly noisy lower wavelength range (note the 
decreasing vertical scales from top to bottom in 
Fig. 6). The pure variables characteristic of the 
sfua are 450 and 350 nm, indicated by arrows in 
Fig. 6a and c. 

The spectra and concentration profiles of the 
two components are shown in Figs 7a, b and 
8a, b, respectively. The spectrum of the first 
component (Fig. 7a) was characterized by one 
band around 450 nm. The spectrum of the 
second (Fig. 7b) was more complex, being 
characterized by one main band around 350 nm. 
The CP of the first component (Fig. 8a) had a 
monotonous crescent shape with no marked 
variations, while the CP of the second com- 
ponent (Fig. 8b) showed a marked increase 
followed by a decrescent section. The overall 
featureless shape of the two CPs gives limited 
information, similarly to what happens with 
potentiometric titration curves without internal 
standards. 

The detection of only two components in the 
SyF spectra set of sfua in DMF shows that the 
use of the non-aqueous solvent did not increase 
the resolution of the titration curves. Indeed 
similar studies in water as solvent’s,‘6 allowed 
the detection of three components, which corre- 
spond to three macroscopic acid-base systems. 
The comparison of the spectra of the two com- 
ponents detected in DMF (Fig. 7a, b) with those 
detected in water’s’6 shows the existence of 
some similarities between the spectrum of Fig. 
7a and the spectrum for the strongest acid-base 
system detected in water, which suggests that in 
both solvents the corresponding acid structures 
are the same. The spectrum of the second 
component detected in DMF (Fig. 7b) roughly 
corresponds to a mixture of the spectra of the 
other two components detected in water.15.16 

The effect of adding internal standards to sfua 
on the SyF spectra was an increase of the 
original two components due to sfua to three, as 
can be seen from the analysis of the SD and 
purity spectra (Fig. 6B shows those for the 
sfua + CAT experiment) and from the error 
functions shown in Table 2. For data obtained 
when pHB was used as internal standard, the 
existence of three or four components is difficult 
to decide, probably because pHB is diprotic. 

The pure variables detected for the four types 
of experiences are presented in Table 3. The two 
pure variables characteristic of sfua (450 and 
345 nm) are also present in the sfua plus internal 
standards data sets. The same information is 
obtained when comparing spectra of the two 
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Fig. 7. Spectra of the pure variables extracted by SIMPLISMA from the spectra sets for: (a. b) sfua 
without internal standard; (c. d, e) sfua + SAL, (f, g, h) sfua + pHB; (i, j, k) sfua + CAT. Dashed lines 

indicate ~lationshi~ between variables. 

components of sfua (Fig. 7a, b) with the spectra 
of the second and third components for the 
experiments with the presence of internal stan- 
dards. When SAL is used as internal standard, 
the first pure variable at 345 nm, that corre- 
sponds to the SyF spectrum of SAL, is similar 
to the second pure variable of sfua, which 
provoked the change of the pure variable (390 
nm instead of the expected 350 nm) and the 
consequent distortion on the calculated spectra 

of the third component for this experiment 
(Fig. 7e). 

The first CPs obtained for the experiments 
with internal standards (Fig. 8c, f, i) had a 
marked variation, which corresponds to the 
protolysis of the internal standard. SAL showed 
an increase of fluorescence in the 50 to - 70 mV 
range; CAT showed a decrease of fluorescence 
in the -370 to -550 mV range; and pHB 
showed first an increase of fluorescence in the 

10 20 

# Spectrum 

Fig. 8. CPs for the pure variables extracted by SIMPLISMA from the spectra sets for: (a, b) sfua without 
internal standard, (c, d, e) sfua + SAL (f, g, h) sfua + pHB; (i. j, k) sfua + CAT. Potential ranges are 

indicated by vertical dashed lines. 
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Table 2. Values of the error functions to determine the number of components 
in the SyF spectra sets 

N* 

1 
2 
3 
4 

sfila sfua + SAL sfua + pHb sfua + CAT 

R, R, R, R, R, R, R, R, 

100 15 100 19 100 3 100 
5.8 154 5.2 55 35.2 19 13.9 3 
0.04 1016 0.1 580 1.8 
3.7e-5 1.6e-4 736 0.06 2:: 

0.5 102 
4.6e-3 398 

5 2.2e-7 2.5e-4 l.le-5 

*Number of the pure variable. 

- 230 to - 400 mV range and then a decrease 
for values of potential lower than -400 mV. 
Two different variations were observed for pHB 
because it is a diprotic acid. The potential 
ranges where the protolysis of the internal stan- 
dards occurred were similar to those observed in 
their potentiometric titration in DMF. The 
other two CPs for the experiments with internal 
standards were similar to those obtained with 
the sfua alone. 

solved in a solvent with a lower leveling or 
higher acid-base resolution power, like DMF 
and AN. 

In conclusion, SIMPLISMA analysis separ- 
ated the spectra and CPs of the internal stan- 
dards and of the sfua and, therefore, the 
variations observed on the SyF spectra of the 
internal standards show no correlation with 
those for the components of sfua. 

CONCLUSIONS 

The use of dipolar aprotic solvents, like DMF 
and AN, in the study of the acid-base properties 
of HS, allows the direct observation of the 
complex mixture characteristics of their reactive 
structures in acid-base reactions. The strength 
of the acid groups found in the sfua molecules 
ranged from that of the first protolysis of maleic 
acid to that of phenol groups (in these non- 
aqueous solvents). This result was obtained with 
both indirect (potentiometry) and direct (mol- 
ecular fluorescence) methods for the analysis of 
the chemical status of the HS molecules. The 
fluorescence results confirm the earlier potentio- 
metric evidenceZd that macroscopic acid-base 
systems, defined for fulvic acids as being consti- 
tuted by acid groups with similar acid strength 
when water is used as solvent,‘5*‘6 are not re- 

The role of internal standards is to force the 
splitting of the titration curve into one or more 
end-points. For example, for the present 
sample, the potentiometric titration curves were 
split up into four end-points using suitable acids 
(MAL, SAL and pHB) as internal standards. 
The amounts of acid groups that correspond to 
those end-points are useful for comparison with 
other samples under the same experimental con- 
ditions (solvent and internal standards). How- 
ever, the search for any structural relationship 
between the internal standards and the HS 
groups that were titrated with them in DMF 
proved impossible. This is probably a conse- 
quence that after the occurrence of the protoly- 
sis of the strongest acid groups, the acid-base 
equilibria become more complex than in water, 
due to charge accumulation and to the macro- 
molecular structural rearrangements. Thus, any 
extrapolation of the results obtained in non- 
aqueous solvents to water should be taken with 
great care because, due to the HS complex 
structure, such an extrapolation may be a 
strongly non-linear process. 
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