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BRIEFS

Acid-base spectrophotometric titrations of humic acid are performed to assess humic proton binding

groups at environmental concentrations. An operational transfer function is proposed to link spectro-

scopic changes to site densities variations as determined by acid-base potentiometric titrations.
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ABSTRACT. Potentiometric titration is a common method to characterize dissolved organic matter
(DOM) reactivity. Due to the sensitivity of pH electrodes, it is necessary to work with very high DOM
(>1 g/L) concentrations that are unrealistic compared to those found in natural waters (0.1 to 100 mg/
L). To obtain proton binding data for concentrations closer to environmental values, spectroscopic
titration method is a viable alternative to traditional potentiometric titrations. Spectrophotometric titra-
tions and UV-visible spectra of a diluted solution of purified Aldrich humic acid (5 mgDOC/L) are used
to estimate changes in proton binding moieties as function of pH and ionic strength after calculation of
differential  absorbance spectra variations.  After electrostatic  correction of spectrophotometric  data,
there is a linear operational correlation between spectrophotometric and potentiometric data which can
be used as a transfer function between the two properties. Spectrophotometric titrations are then used
to determine the changes of humic acid protonation after adsorption onto -alumina.
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Introduction
Speciation and migration of metals in the envi-

ronment are partly controlled by their interactions
with natural organic matter (NOM) and minerals
in soils  (1, 2). In aquatic systems, whether an or-
ganic  molecule  partitions  to  mineral  surfaces  or
remains dissolved determines in large its potential
transport and susceptibility to degradation (3). For
instance,  in  major  rivers  of  the  world  90%  of
transported  organic  matter  is  either  adsorbed  to
fine minerals or remains dissolved (4, 5). A better
description  of  ternary  metal-NOM-  surface  sys-
tems is  needed to improve the understanding of
the behavior of metals. 

Due to  its  heterogeneous nature,  the composi-
tion and chemical properties of NOM are modified
during adsorption onto mineral oxides (6-12). Pre-
vious  investigations  (13,  14) suggest  that  the
NOM  fractions  of  higher  molecular  weight,
greater  aromatic  and carboxyl  functional  groups
content, and more hydrophobic show preferential
adsorption  onto  mineral  oxides.  This  leads  to
modeling  difficulties  of  the  ternary  systems  (15,
16). A better knowledge of HS binding moieties
modifications after partitioning on mineral surface
is necessary to describe the behavior of metals in
ternary systems.

Humic  substances  (HS),  mainly  composed  of
humic  and  fulvic  acids  are  a  prominent  part  of
NOM, and are often used as surrogates of NOM.
One  of  the  most  accurate  ways  to  quantify  HS
functional groups is potentiometric titration, gen-
erally performed at a high concentration,  i.e., c >
500 mgHA/L, to obtain a signal significantly differ-
ent from background electrolyte titrations.  These
solution  conditions  are  often  unrealistic  when
compared to concentrations  of dissolved organic

carbon  (DOC)  in  natural  waters,  i.e.,  0.1  to  50
mgDOC/L, and much greater than those of HS in the
supernatant  of  NOM adsorption  experiments  (6-
12). It is necessary to consider an alternative tech-
nique to obtain proton binding data of NOM under
realistic environmental concentrations. 

HS  solutions  are  colored  and  absorb  UV and
visible light. UV-Visible spectra of HS solutions,
even though they tend to be rather featureless (17),
may help to characterize HS sorption-fractionation
processes  (11, 18). Subtle changes in HS spectra
induced  by  varying  physico-chemical  conditions
have  been  used  in  differential  absorbance  spec-
troscopy to characterize HS (19, 20), and to inter-
pret titration data of fulvic acids in dilute solution,
e.g.,  5  mgDOC/L  (21).  These  spectrophotometric
titrations  allow  examining  the  evolution  of  ab-
sorbance spectra with changes in pH. HS light-ab-
sorbing functional  groups,  or  chromophores,  are
deemed  to  typically  contain  conjugated  double
bonds  and aromatic  rings.  The  deprotonation  of
chromophores at  increasing pH causes modifica-
tion  of  the  chromophores’  absorbance  spectra
and/or  formation  of  new  absorbing  centers  and
leads  to  a  progressive  modification  of  their  ab-
sorbance  properties.  In  contrast,  potentiometric
titrations determine the development of the sample
charge within the pH range. So far, no attempt has
been made to directly link the evolution of NOM
absorbance  signal  to  the  change  in  charge  with
changes in pH.

The aim of this study is to investigate the possi-
ble link between these two phenomena, even an
operational one. The functional groups determined
by potentiometry are composed of, bound to, or in
close vicinity of the HS molecules chromophores.
It seemed then possible to find a transfer function
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between variations of sample charge and solution
absorbance. Previous studies have pointed to the
importance of HS conformations that are affected
by ionic strength on spectroscopic measurements
(22,  23).  Variations  of  molar  extinction  coeffi-
cients  and chromism effect  (24) depend both on
chemical  parameters  of the solution and the HS
studied. These variations must be accounted when
relating  potentiometric  and  spectrophotometric
measurements. 

Hereafter,  spectrophotometric  titrations  at  dif-
ferent  ionic  strengths  were used  to  examine  the
deprotonation of purified Aldrich humic acid. The
results  were compared with those obtained from
potentiometric  titrations,  in order  to  validate  the
spectroscopic method to characterize humic acid
reactivity in solutions under environmental condi-
tions and to determine a relationship between re-
sults of both methods for this humic acid. A spec-
trophotometric  titration  of  a  supernatant  from a
HS  sorption  experiment  on  α-alumina  was  also
performed under environmentally realistic condi-
tions  to  test  the  methodology  and  to  probe  the
acido-basic properties variation.

Materials and methods

Preparation of samples
Commercial  Aldrich  humic  acid  was  purified

(PAHA) according to ref.  (25). Stock suspension
at 2.5 gDOC/L was prepared by diluting PAHA in
NaOH (pH around 10) to completely dissolve the
sample. In this work, concentrations of PAHA so-
lutions, noted in g/L, always correspond to gDOC/L.
Alumina (α-Al2O3) was purchased from Interchim
(pure  99.99%,  size  fraction  200–500  nm).  The
solid  was  washed  thrice  with  carbonate-free

NaOH and thrice with Millipore water before dry-
ing and storage at room temperature under N2 at-
mosphere according to ref. (26).

Potentiometric titrations
All titrations were performed using a computer-

controlled system under N2 atmosphere, in a ther-
mostated vessel (25°C) equipped with a magnetic
stirrer,  at  a  HA  concentration  equal  to  0.5 g/L.
Ionic strength (I) was fixed using NaClO4 (0.01,
0.1, and 0.5 mol/L). The quoted ionic strengths are
the initial values before the addition of any titrant.
In data analyses, actual I was calculated for every
data point, accounting both background electrolyte
ions and free H+ and OH-. The pH values of the
solutions were controlled during titrations by addi-
tion  of  0.1  mol/L  HClO4 and  NaOH  solutions.
Base titrant  (titrisol  for 0.1 mol/L solution)  was
prepared with degassed Millipore water. The pH
values  were  recorded  with  two  pH  Metrohm
6.0133.100 glass electrodes and a single Metrohm
6.0733.100  reference  electrode.  The  reference
electrode was connected to the reaction vessel via
an electrolyte bridge filled with NaCl at the back-
ground electrolyte concentration to prevent KClO4

precipitation  in  the  system.  The  pH  electrodes
were calibrated by performing a blank titration of
the  background  electrolyte  prior  to  the  sample
titration. The aqueous suspension was purged with
N2 at pH=3 for 4 hours. The suspension was then
titrated by adding small volumes of titrant and pH
was recorded as a function of the titrant volume
added  to  the  suspension.  After  each  addition,  a
drift criterion for pH was used (mV/min< 0.05)
and a maximum time of 15 minutes was set for ac-
quiring each data point. A similar procedure was
followed  for  the  blank  solution  titration.  Three
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forward  and  backward  titrations  were  done  to
eliminate the hysteresis effect (27).

Absorbance measurements
Absorbance  titrations. After  potentiometric

titrations,  solutions  were  diluted  in  background
electrolyte to obtain 100 ml of solution at a con-
centration of 5 mg/L in a thermostated vessel at
25°C. After acid addition (pH 3), the solution was
N2-purged for 1 hour. The pH was increased by
addition of NaOH at 0.01 or 0.1 mol/L.

Absorbance  spectra  were  recorded  in  a  5  cm
quartz  cuvette  at  circa 0.5 pH intervals  between
pH 3 and 11 using a Thermo Evolution 600 UV/
Visible  spectrophotometer  between 190 and 600
nm.  UV/Visible  spectra  were  recorded  at  room
temperature (25±4°C). It was checked that varia-
tions of temperature between 15 and 35°C had no
influence on solution absorption (data not shown).
The final data were corrected for dilution effects
due to acid or base additions.

Influence  of  ionic  strength  on  solution  ab-
sorbance. To  study  the  influence  of  I on  ab-
sorbance  of  the  solution,  500mL  of  a  5  mg/L
PAHA solution at I=5 mmol/L NaClO4 was made,
and acidified with HClO4 (0.1mol/L) to pH 3. 50
mL-aliquots from this solution were sampled and
weighted solid NaClO4 was added in each sample
to obtain solutions with electrolyte concentrations
of 0.01, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5mol/L Na-
ClO4. The pH values were adjusted if needed, and
absorbance spectra were recorded.

Adsorption experiment
Three solutions of 10 g/L α-Al2O3 and 100 mg/L

PAHA, I=0.1 mol/L NaClO4 and adjusted to pH 6,

were  made  in  10.4  ml  polycarbonate  Beckman
centrifugation tubes (41121703). After 5 days of
equilibration, the solutions were ultra-centrifuged
at 60,000 rpm for 2 hours. The supernatants were
mixed and the  solution  was diluted  in  0.1mol/L
NaClO4 to obtain a 100-mL solution of 5 mg/L,
which  was  then  titrated  using  the  spectrophoto-
metric method previously described. PAHA con-
centration in the supernatant was measured using
Shimadzu TOC-VCSH analyzer and was 26.5% of
the initial content of PAHA.

Results and Discussion

Potentiometric titrations
Results of PAHA titrations are shown in Figure

S1  of  the  Supporting  Information  (SI),  together
with the fits obtained by the NICA-Donnan model
(28). In this model, the median affinities constants
(log Ki), and the heterogeneity of distribution (mi)
for the two main types of binding sites of humic
acid  (low-affinity,  or  so-called  carboxylic,  and
high-affinity of so called phenolic groups) are fit-
ted. The electrostatic parameters are obtained us-
ing the Master Curve procedure  (27), optimizing
the  Donnan  parameter  b in  order  to  merge  the
original curves. The pH values were corrected for
concentrations  of  protons  using  Davies  equation
(29).

The optimization  of NICA-Donnan parameters
for  the  titration  curves  was  calculated  using
ECOSAT  and  FIT  software  (30,  31).  Modeling
parameters are given in Table 1, together with the
ones used by Vermeer  (15) and Milne  et al. (32)
for Aldrich humic acid. Differences between mod-
eling of the same humic acid used in several stud-
ies can be due to (i) range of I studied, (ii) differ-
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ences of the background electrolyte used, and (iii)
differences in the stock and purification procedure.
Our parameters are however within the range of
those obtained previously.

Spectrophotometric titrations
PAHA absorbance spectra (see insert in  Figure

1) show a broad and featureless shape characteris-
tic  of HS absorbance spectra  throughout  the pH
range (17). The absorbance is increasing with the
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Figure 1. Differential absorbance spectra of PAHA in 0.1 mol/L NaClO4 (pHref=2.9). The original 
absorbance spectra are shown in the insert.

log K1 m1 Q1 log K2 m2 Q2 Q0 b

HH18 (32) 3.76 0.55 2.94 8.07 0.24 2.40 0.69

HH24 (32) 2.87 0.89 2.31 8.00 
(fixed)

0.14 5.34 0.25

PAHA (44) 4.03 0.44 3.74 8.48 0.53 1.30

this study 2.66 0.81 3.24 6.90 0.29 2.88 0.60 0.4

PAHA after fractionation onto α-
Al2O3 (R=10mg/g) 2.90 0.85 1.61 8.00 0.25 2.37 0.29 0.4

Table 1. NICA-Donnan modeling parameters for PAHA potentiometric titration and calculated charge 
from absorbance measurements after retention experiment.
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solution pH due to the progressive deprotonation
of the chromophores and change in structure (21).
The solution at pH≈11 absorbs around 10% more
than the same solution at pH≈3. Differential ab-
sorbance spectra were calculated using the follow-
ing equation

Δ ApH (λ)=
1
lcell [

A pH (λ)

DOC
−
A pH ref

(λ )

DOC ref ]     (1)

where  lcell is  the  cell  length  (cm),  DOC and
DOCref (mg/L) are the dilution-corrected concen-
trations of DOC in the solution at the pH of inter-
est and at the chosen reference pH, respectively.
A() and A() are the absorbance values measured
at a given wavelength  at the pH of interest and
at the reference pH, respectively.

The spectrum recorded at the lowest pH value,
i.e., pHref≈3, is used as a reference to examine the
evolution of differential spectra throughout the en-

tire pH range, according to ref. (21). Specific fea-
tures  appear  in  the  differential  spectra  when the
solution pH was increased from 3.5 to 10.9 (see
Figure 1), such as the large band centered at 370
nm and the peak centered at 270 nm. This latter
peak corresponds to the UV region where the -*
electron transition occurs for example for phenolic
substances and polycyclic aromatic hydrocarbons
(33), and so become more important with the de-
protonation  of  the  aromatic  moieties  of  PAHA.
The broad band at 370 nm and higher wavelengths
is similar to the feature observed in the pH-differ-
ential spectra of Suwannee River fulvic acid (21).
This  feature  appears  to  be  specific  to  humic
species and can be hypothesized to be associated
with  inter-chromophore  interactions,  in  accord
with observation made in prior publications  (22).
However,  its  exact  nature  remains  to  be  ascer-
tained.
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Figure 2. DOC-normalized absorbance spectra of PAHA solutions (~5 mg/L) at pH 3, I = 0.005 - 0.5 
mol/L NaClO4.
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Figure  2 shows  the  DOC-normalized  ab-
sorbance spectra of PAHA solutions at variable I,
from  5  10-3

 up  to  0.5  mol/L  NaClO4,  and
pH=3.0±0.1. There are two main groups: one cor-
responding to curves with  I ranging from 0.01 to
0.1 mol/L, and the second corresponding to I rang-
ing from 0.2 to 0.5 mol/L NaClO4. Except for the
lowest I, a trend can be seen. For wavelengths be-
low 270 nm, the signal decreases with increasing
I, whereas for wavelengths above 270 nm, the sig-
nal increases with I, but with no differences inside
the two groups. Spectrophotometric titrations and
modeling were then studied at this specific wave-
length since (i) it was the wavelength for which
most  important  feature  was  observed,  and  (ii)

ionic strength will have a minor influence on the
signal at the reference pH. The fundamental rea-
sons behind this behavior are surely hiding within
the modifications of HS structure but it is outside
the scope of this study.

Titration curves were built using the values of
differential absorbance at 270 nm  versus protons
concentration  in  the  Donnan  phase  [H+]D.  They
showed the differential  absorbance increase with
pH and I (Figure 3). Plotting those curves against
[H+]D did not result  into a  Master  Curve in  this
case:  there  was  still  an  effect  of  I on  the  ab-
sorbance of  solution with pH. This  suggests the
presence of an additional effect of I on the confor-
mation of PAHA that influenced the spectroscopic
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Figure 3. Original and corrected spectrophotometric titration curves of PAHA at I = 0.01 (◊), 0.1 (□), 
and 0.5 (4��) mol/L NaClO4.

Results are plotted against the concentration of protons in the Donnan gel [H3O+]D. The close symbols 
are the original data. The open symbols are the data corrected from electrostatic component (0.5 mol/L 

being the reference for correction, both curves are stacked). The lines are the Master Curve from the 
potentiometric titrations (on the right axis).
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response of the solution, to which potentiometric
titrations were not sensitive.

The  results  shown  in  Figure  3 suggest  that
PAHA  mass  absorptivity  increases  with  elec-
trolyte  concentration.  Nevertheless,  the  interac-
tions between chromophores, leading to a modifi-
cation of absorbance of the solution, or chromism,
must be taken into account. Hyperchromism,  i.e.,
increase  of  molecular  absorptivity,  can  be  ex-
plained  by  interactions  between  neighboring  or
stacked  chromophores,  enhancing  energy  and
electrons  transfer  between  donors  and  acceptors
(24). This is consistent with previous observations
that humic molecules tend to undergo aggregation
at  higher  ionic  strength,  when  the  electrostatic
double layer is more compressed (23, 34).

Modeling
To model  the data,  NICA parameters  (mi,  log

Ki) of PAHA obtained by potentiometric titrations
were  used.  The  electrostatic  effects  were  ac-
counted by the Donnan model, using the concen-
tration of protons into the Donnan gel at given pH
[H+]D  and  at  the  reference  pH  [H+]Dref.  The  ab-
sorbance titration curves were modeled using the
following equation, derived from the NICA equa-
tion:

                                                                        (2)

The only optimized parameters  are A1(),  and
A2(),  which  represent  the  maximum change  of
absorbance of two mains groups of chromophores

of low and high affinity for protons. These values
depend on the chosen wavelength  for  modeling,
here  270  nm.  For  sake  of  clarity,  they  will  be
henceforth  denoted  as  A1 and  A2 instead  of
A1(270nm) and A2(270nm). Figure S2 represents
the titration curve with the respective influence of
the two main groups of chromophores, and the re-
sult  of modeling for the experiment  at  0.1mol/L
NaClO4.

As  shown  in  Figure  4,  the  overall  maximum
change of absorbance by the two main groups of
chromophores  increased  linearly  with  logI,  with
parameters  of  linear  regression  being  dependent
on modeling wavelength. The conformation of hu-
mic acid, which changes with the concentration of
electrolyte  ions,  had  an  influence  on  the  ab-
sorbance of these solutions. But the proportion of
the  two  mains  groups  of  chromophores  did  not
change significantly: within uncertainties and re-
mained the same for all of the ionic strength stud-
ied (Table S1).
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ΔA pH ( λ )=|A1( λ) (
~K 1[H

+
]D)

m1
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~K1[H

+
]D)

m1
−A1(λ)

(
~K 1[H

+
]Dref )

m1

1+(
~K 1[H

+
]Dref )

m1|
+|A2(λ) (

~K2[H
+
]D)

m 2

1+(
~K2[H

+
]D)

m 2
−A2(λ)

(
~K 2[H

+
]Dref)

m2

1+(
~K 2[H

+
]Dref)

m2|
Figure 4. Comparison of the evolution of 

maximal absorbance A1+A2 as a function of logI. 
The continuous line is the result of the linear 
regression and the dotted ones the statistical 

envelope (A1+A2) ± s(A1+A2).
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Comparison of methods
Modeling  of  potentiometric  and  spectrophoto-

metric titration curves gave the same distribution
of binding sites as seen in Table S1. In both cases,
around 51% of signal was due to low affinity-type
groups, and 49% to high affinity-type groups.

An additional correction was needed to account
for the effect of  I on the spectroscopic signal in
addition to the Donnan correction. Data at low  I
were  corrected  to  include  results  at  the  higher
electrolyte concentration (0.5 mol/L NaClO4), for
which  the  effects  of  counter  ions  in  the  double
layer was minimal and had less influence on the
solution absorptivity. In the range of I studied here
(0.01 to 0.5 mol/L) there is a linear relationship
between  the  sum  of  maximal  change  of  ab-
sorbance of both types of groups (A1+A2) and logI
as shown in Figure 4: A1+A2 = c log(I) + d, with c

= 5.27±1.02 and  d  = 17.33±1.30. The correction
factor fI was calculated from this linear regression.

f I=
c log (0.5)+d
c log (I )+d

(3)

This correction, suitable in the range of I studied
in this study, was then applied to the differential
absorbance values:

(Δ A)I ,corr= f I (Δ A)I                                                    (4)
The  corrected  titration  curves  plotted  against

[H+]D collapsed rather well into a single titration
curve independent from ionic strength like for the
Master  Curve  of  potentiometric  titrations,  as
shown in Figure 3.

Figure 5 shows charge  versus electrostatic-cor-
rected differential absorbance values at 270 nm for
the same concentrations of protons and the three
ionic strengths. There is a linear relationship be-
tween both properties. The linear regression of Q
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Figure 5. Comparison between charge and corrected differential absorbance for PAHA at same 
concentration of protons for the three studied I. The continuous line is the result of the linear regression 

and the dotted ones are the statistical envelope Q ± σQ.
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vs. Acorr gave a slope of -0.367±0.003. This is the
transfer function between spectrophotometric and
potentiometric  titrations  for  PAHA,  at  270  nm.
This  proportionality  is  observed  in  the  case  of
PAHA,  for  both  titrations  performed  with  the
same stability constraints and under free-CO2 con-
ditions  and  should  be  established  for  other  HS
samples. Measurements should be made on puri-
fied samples only to avoid interferences with par-
ticles  and  inorganic  species  that  absorb  light  in
UV range as metals and nitrate ions.

Here again, the fundamental reasons behind this
simple  relationship  remain  unclear.  Also  one
should note that  the relative  uncertainties  in  the
obtained ΔQ from the measured ΔA remain im-
portant.  The modifications  of the chemical  envi-
ronment  of  the  chromophores  absorbing  around
270 nm with pH and ionic strength is clearly at

stakes. Nevertheless, this operational relationship
could be used for this sample.

Application to PAHA after adsorption onto  α-
Al2O3. It seems possible, using spectrophotometric
titrations, to study fractions of PAHA in the super-
natant of retention experiments to quantify modifi-
cations of PAHA binding moieties due to the con-
tact with the mineral surface. This exercise should
be viewed as a test for the operational relationship
under conditions outside its domain of calibration.

The results of differential absorbance spectra of
the supernatant are shown in Figure 6. The loss of
proton binding sites, as well as the modification of
the different features of the differential absorbance
spectra,  are clearly visible, especially the loss of
the broad range around 370 nm and the rising of
the peak centered at 270 nm. Titration curve has
been built, and corrected from electrostatic effects
using  equations  (3)  and  (4)  as  described  above
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Figure 6. Differential absorbance spectra of PAHA in 0.1 mol/L NaClO4 after fractionation onto a-Al2O3 
(R=10mg/g).
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(see Figure S3). The charge of non-sorbed PAHA
QR20 was calculated from corrected spectrophoto-
metric titration curve using the linear Q vs. Acorr

equation obtained previously.
The NICA-Donnan parameters for PAHA frac-

tion generated in the adsorption experiment were
optimized using FIT and ECOSAT software  (30,
31) and given in Table 1.

Within this approach, it appears that there is no
need to greatly modify the heterogeneity parame-
ters mi before and after sorption, but a shift of the
median affinity constants towards higher pH is re-
quired for the non-sorbed sample. 

During the retention experiment, carried out at
pH 6, around 61% of sites of non-sorbed PAHA
are  deprotonated:  52% of  low affinity-type sites
and  9%  of  high  affinity-type  sites.  The  former
should  have been more  attracted  by  the  surface
than the latter.  The modeling suggests a general
loss of 50% of low affinity-type sites and 17% of
high affinity-type sites after contact with the ox-
ide. This suggests, within the validity limit of the
transfer  function,  that  fractions  of  PAHA mole-
cules  that  have  stayed  on the  surface  contained
mostly all of ionized low affinity-type sites and a
greater proportion of high-affinity sites than their
ionized proportion. Low affinity-type sites are not
only composed of aliphatic but also of benzoic in-
cluding hydroxybenzoic compounds (35, 36), and
the sorption data of HS and of phthalic (37, 38) or
hydroxybenzoic  acids  (39,  40) on  iron  and  alu-
minum (oxy)hydroxide extend largely after the pK
of their first carboxylic function as it is the case
for  HS  (41-43).  One  can  thus  understand  that
high-affinity-type  sites  are  proportionally  over-
represented on the surface as it was evidenced by
Claret et al. (11).
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