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Impact of the presence of humic acid (HA) on the metal uptake of cadmium, copper, nickel, and
lead in the diffusive gradients in thin films technique (DGT) was studied. Both the diffusive and
resin gel were composed of the agarose polyacrylamide hydrogel, the resin one also with embedded
Chelex-100 ion exchanger. A restrict gel, excluding high-molecular species, was used in comple-
mentary experiments. Metal concentrations of 50 ug dm~2 of Cd, Cu, Ni, and Pb, various mass
concentrations of HA substance of p/(mg dm™3): 0, 0.3, 1, 3.1, 10, 31, 100, and 316, and concen-
tration of 0.05 mol dm™? sodium nitrate were adjusted in experimental solutions (pH = 6.8). The
DGT probes were deployed in solutions at (26 + 2)°C for up to 32 h. After elution, the overall
DGT-accumulated masses of metals were determined by electrothermal atomic absorption spec-
trometry and apparent diffusion coefficients of individual metals were evaluated. The HA substance
at approximately equimolar (1 mg dmfg) and higher concentrations with respect to metals ions
considerably reduces the DGT-measured metals uptake. This suppression effect is more pronounced
at higher concentrations of HA substance, it is element-specific and increases in the sequence Cd,
Ni, Pb, Cu. HA species diffuse through the permeable gel and affect predominantly the interac-
tion of metal ions with specific iminodiacetic groups of the resin by competitive reactions. This
is documented by a very good agreement of the experimental data and the data obtained for the
theoretical model of the effect of HA on the conditional equilibrium of metal-iminodiacetic group.
Reduced mobility of larger molecular species of metal—humic acid complexes plays a minor role.

Humic acids (HA) are the most widespread com-
plexing ligands. They occur in soils, sediments, and
waters as a product of the chemical and biological
transformation of animal and plant residues. As HA
play important role in the environmental chemistry,
they have great importance with regard to the quality
and the retention of metals and pollutants in the en-
vironment. The mechanisms involved in interactions
are not clear and may vary depending on the physico-
chemical properties of the compounds, pH, and redox
status, as well as on the form of HA in environmental
systems. HA have ability to affect considerably mobil-
ity and availability of metals in the environment.

Trace metals such as Cu, Mn, Ni, and Zn play im-
portant role as essential elements in the environmental
systems. Increased concentration of these elements or
elements of anthropogenic origin such as Cd and Pb
may be toxic. Biological responses of organisms are
often related to the concentration of different metal
species and properties of the environment.

The in situ techniques are only able to provide reli-
able measurement of the metals species, because they
overcome serious problems related to system changes
due to sampling and additional sample treatments.
Recently, the technique of diffusive gradients in thin
films (DGT) was developed [1, 2]. This technique is
capable of measuring average in situ concentration of
labile metal species in aqueous systems [3—6]. Its ap-
plication in situ in soil and sediment allows to deter-
mine overall resupply fluxes of mobile metals species
[7—9], to measure metal profiles in pore water at the
sediment—water interface [10—12] and to assess avail-
ability of metals [13—16].

In DGT, two types of polyacrylamide hydrogel are
used. The layer of specific ion-exchange resin (Chelex-
100) embedded in a hydrogel is overlaid by a further
ion-permeable layer, i.e. diffusive hydrogel of thickness
Ag. Transport of metal ions, labile and mobile metal
species from the sampled system (external solution) to
the resin gel is determined by the concentration gradi-
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ent in the ion-permeable gel. After diffusion through
the layer of ion-permeable gel, metals are immobilized
in the resin gel (sink), so that the concentration in the
gel solution approaches zero at the interface of both
gels. Provided the resin sink is not saturated and the
concentration in the external solution remains con-
stant, a linear concentration gradient is established in
the ion-permeable gel. The flux (F') of metal ions from
the external solution to the resin gel can be calculated
by Fick’s first law of diffusion

F=D-p/Ag (1)

where p is the mass concentration of metal in the
external solution and D is the diffusion coefficient
of a metal in the diffusive gel. The flux is also defined
as the mass of the metal (m) transported through the
diffusion area (A) during the deployment time ()

F=m/(A-1) (2)

The metal flux and subsequently the mean metal
concentration in the external solution can be calcu-
lated from the mass of the metal accumulated in the
resin gel (m). Metal content is usually determined af-
ter elution of the resin gel by a suitable analytical
method (atomic absorption spectrometry, inductively
coupled plasma atomic emission and mass spectrome-
try, etc.).

The aim of this paper is to report on the influence
of humic acid present in the solution on the metal up-
take measured by the DGT probe, on estimation of an
impact of HA on the response of the DGT technique
in real systems.

EXPERIMENTAL
Gels and DGT Probes

Both diffusive and resin gels were based on
an agarose polyacrylamide hydrogel (APA-gel). This
hydrogel was composed of 15 vol. % acrylamide
(Boehringer) and 0.3 vol. % patented agarose-derived
cross-linker (DGT Research, Lancaster, UK). Freshly
prepared ammonium persulfate initiator (70 mm?® of
10 mass % solution) and TEMED (tetramethylethyle-
nediamine) catalyst (20 mm3) were added to each
10 cm?® of gel solution. In addition, the resin gel
solution contained also 2 g of Chelex-100 ion ex-
changer (Na-saturated, “200—400 mesh”, Bio-Rad) in
the same volume.

The gel solution was cast immediately after mixing
between two glass plates separated by a spacer foil of
thickness of 0.5 mm and 0.25 mm for preparation of
diffusive and resin gels, respectively. The gels were set
in an incubator at (42 £ 3)°C for 45 min. Less amount
of initiator and catalyst solutions were used to prolong
the setting process of resin gels in order to allow the
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Fig. 1. Scheme of the DGT sampling probe.

resin to settle by gravity to one side of the gel. The
prepared gels were then hydrated in high-purity water
for at least one day to allow them to swell to a stable
thickness of 0.8 mm for the diffusive gel and 0.4 mm for
the resin gel, respectively. A fully hydrated diffusive
gel contained about 95 mass % of water.

Gel discs of 25 mm in diameter were cut from the
gel layer by a plastic tool (DGT Research). Discs of
diffusive and resin gels were stored in 0.01 mol dm—3
high-purity sodium nitrate (anal. grade, Lachema,
Brno, Czech Republic) solution and in water, respec-
tively.

For complementary experiments, a restrict gel
(RG-gel, purchased from DGT Research), was used
instead of the diffusive APA-gel. This type of disc
excludes by size diffusion of high molecular species.
Thus, only low molecular species can diffuse through
pores in size below 1 nm and can reach the resin disc
[3].
The DGT unit (DGT Research) based on a simple
polypropylene tight-fitting piston design (see Fig. 1)
was employed in experiments. It consisted of a back-
ing cylinder (piston) and a front cap (sleeve) with a
20 mm diameter exposition window. A disc of resin
gel was placed on top of the backing cylinder oriented
with the resin beads upwards, and then a disc of dif-
fusive gel was placed directly on top of it. Before as-
sembling the DGT unit, the diffusive gel was over-
laid by the 130 pum thick, 0.45 um pore size Gelman
Laboratory Supor®-450 hydrophilic polyethersulfone
membrane filter (Pall Corporation, Michigan, USA)
to protect the gel against damage.

Procedure

A portion of humic acid substance (Product
No. 53680, Fluka, Switzerland) was dissolved in water
with addition of minimum 2 % NaOH solution to ob-
tain finally 1 g dm—2 stock solution. Standard stock
solutions of metals (1 mg cm™3) were of Astasol®
grade (Analytika, Prague, Czech Republic), sodium
nitrate was of anal. grade (Lachema, Brno, Czech Re-
public), and nitric acid was of Suprapur grade (Merck,
Darmstadt, Germany). In all experiments, high-purity
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water (MilliQ, Millipore) was used. For deployment
experiments, metal solutions were prepared by dilut-
ing stock solutions to obtain metal concentration of
50 pug dm=3 of Cd, Cu, Ni, and Pb each of them,
various concentrations of humic acid substance of
p/(mg dm—3): 0, 0.3, 1, 3.1, 10, 31, 100, and 316 and
0.05 mol dm 2 sodium nitrate. pH of solutions was ad-
justed to 6.5—7.0 by adding diluted nitric acid. Final
volume of each solution was 2 dm?. Before application,
the solutions were equilibrated under intensive mixing
for 24 h.

The DGT probes were deployed in solutions in du-
plicate at (26 = 2)°C for 8 h, 24 h, and 32 h. Por-
tions of 10 cm?® solutions were taken before and after
deployment of DGT units and the samples were sta-
bilized in cleaned polypropylene vials with 10 mm? of
concentrated nitric acid for subsequent analysis.

After deployment, the DGT units were rinsed
with high-purity water before being disassembled. The
disc of resin gel was retrieved, placed in an acid-
cleaned plastic vial, and accumulated metals in the
resin were eluted by immersing the disc in 1 cm?® of
high purity 1 mol dm~3 nitric acid for 24 h. After-
wards, analytes (Cd, Cu, Ni, Pb) were determined
in eluate and exposition solutions by electrothermal
atomic absorption spectrometry employing Perkin—
Elmer Model 4110 Zeeman atomic absorption spec-
trometer (ET AAS). Recommended conditions and
standard addition method of calibration were applied.

The overall DGT-accumulated masses of metals
were calculated from their concentrations in eluate so-
lutions. Total volume of the gel and eluate 1.16 cm?®
(for 0.4 mm thick resin disc) and elution efficiency of
0.8 were taken into account in the evaluation. Assess-
ment of these values was described elsewhere [2, 17].
Mean fluxes of metals in the DGT device and the
concentration of metals in the external solution were
obtained by using eqns (2) and (1), respectively. Si-
multaneously, blank experiments were carried out and
considered in the evaluation.

RESULTS AND DISCUSSION

The DGT units were deployed in solutions of Cd,
Cu, Ni, Pb, and HA for up to 32 h. For example,
the results are shown in Fig. 2 for uptake of cop-
per. Other metals exhibited the same behaviour. The
mass of metal (m) accumulated during the deploy-
ment time (t) was converted to normalized metal up-
take (m/p). This normalization obtained by combin-
ing eqns (1) and (2) allowed compensation for dif-
ferent initial metal concentrations in individual exter-
nal solutions found after the equilibration period. Sta-
bility of spiked pH-neutral metal solutions increased
with increasing concentration of humic acid, probably
due to complexation of metal ions by humic acid lig-
ands. Concentrations of all elements in individual so-
lutions, established after the equilibration procedure,
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Fig. 2. Time dependence of accumulated mass of copper during
deployment, converted to normalized uptake of copper
(m/p) at a temperature of 26 °C for various humic acid
concentrations (ppa/(mg dm~3)): a) 4 0; b) A 0.3; ¢)
m1;d) @3.1;¢) O 10; f) A 31; g) 0 100; h) O 316.

did not significantly change within an experimental
uncertainty of 10 % (RSD) during the subsequent de-
ployment period.

The mass of the accumulated metal, the normal-
ized metal uptake (m/p), increases linearly with time
for all of the concentrations of HA in solutions. This
indicates that the concentration gradients as well as
the flux of DGT-attainable metal species are con-
stant, time-independent, during the whole deployment
period of 32 h. However, the metal flux is reduced,
when HA are present in solutions, the metal uptake
decreases with increasing concentration of HA. This
observation could be explained by reduced mobility
of metal-ion complexes related to high-molecular HA
species or by formation of relatively stable complexes
of HA with metal ions.

Combining equs (1) and (2), diffusion coefficients
(D) can be calculated when taking into account dif-
fusion area (A = 3.14 cm?) and thickness of the dif-
fusive layer (sum of gel and membrane filter thickness
Ag = 0.94 mm). Those diffusion coefficients can be
considered as apparent diffusion coefficients (Dapp) of
the metal under specific conditions (conditional equi-
librium). Their values represent the metal fluxes per
unit deployment time, unit diffusion area, unit metal
concentration in the external solution, and unit thick-
ness of the diffusive gel layer.

The values of apparent diffusion coeflicients (Dapp)
can be compared with literature data (Diap) re-
lated to diffusion of simple metal ions in a diffu-
sive gel (DGT Research) at a temperature of 26°C:
6.26 x 1076 cm? s~! for Cd, 6.40 x 1076 cm? s~ ! for
Cu, 5.93 x 1079 cm? s7! for Ni, and 8.25 x 10~
cm? s71 for Pb [18], so that the ratio of both ap-
parent and reported values of diffusion coefficients
(Dapp/ Drap) results in a normalized value. These nor-
malized data are compared in Fig. 3 for all metal

Chem. Pap. 59(5)298—303 (2005)



HUMIC ACID AND METAL

1.4

1.2
1.0

0.8 r

D app/Dlah

06
0.4 r

02 r

0.0

3 2 -1 0 1 2 3
log (pua/(mg dm™®)

Fig. 3. Influence of humic acid concentration (pra /(mg dm=3))
on the normalized values of the apparent diffusion co-
efficients (Dapp/Dtap) for: @ Cd, A Cu, A Ni, o0 Pb
(temperature 26 °C).

ions and humic acid concentrations. The values de-
crease when increasing concentration of humic acid
substance. The dependences bend at humic acid con-
centration of approximately 1 mg dm~—3. When taking
into account an average relative molar mass of the HA
substance of 600—1000 g mol~! (according to infor-
mation in the product sheet), one can conclude that
HA affect the metal uptake very close to equimolar
ligand—metal ratio n(ligand) : n(metal) ~ 1 in the
solution.

It can be assumed that molar excess of HA com-
pounds over metal ions is established for HA concen-
tration higher than 3 mg dm~3. Zhang and Davison
showed [19] that the diffusion coefficient of HA is not
significantly affected by anchoring metals. Diffusion
coefficients published in literature [19—23] reached
values in the range of (0.5—4.0) x 107¢ cm? s~ 1,
depending on the origin of various HA substances.
Our complementary experiments with the restrict gel
(RG-gel), which excludes diffusion of high-molecular
species, showed the same dependences for APA- and
RG-gels. Furthermore, the same concentration of a
metal in the external solution and in the diffusive gel
was found after 60 min deployment period in experi-
ments when diffusive gel was only used (resin gel was
not inserted in the DGT probe). Humic acid species
present in the permeable gel would restrict very fast
diffusion of other metal-containing species into the
resin gel, especially when large excess of HA is ap-
plied. However, no depletion of the metal uptake was
observed for a long period as can be concluded from
Fig. 2. Furthermore, element nonspecific behaviour
should be observed when mobility of metals is re-
duced due to formation of complexes with HA. How-
ever, this is not the case as documented in Fig. 3,
in which element-specific influence of HA can be ob-
served. These observations suggest that humic acid
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complexes diffuse through the permeable gel, and thus
affect the interaction of metal ions with specific groups
of the resin.

The results of application of the DGT probes in so-
lutions of metals accompanied with humic acid in dif-
ferent concentrations can be explained by conditional
equilibrium of complex formation. The interaction of
metal ions with the specific iminodiacetic groups of
the resin (Chelex-100) can be affected by competitive
reactions in solutions and in the resin gel. Formation
of metal—HA complexes and protonation of the func-
tional group of resin (iminodiacetic acid) are the side
reactions to the bonding of metal ions. The effect of
side reactions is usually quantified by the side reaction
coeflicient a.

Generally, immobilization of metal ions (Me) in the
resin (R) by iminodiacetic groups can be expressed

Me(aq) + R(s) <> MeR(s) (A)

Stability of the MeR complex is characterized by the
stability constant Oyer

_ [MeR]
BMeR = Me][R] (3)

where [Me], [R], and [MeR] are the equilibrium con-
centrations of reactants and the product under stan-
dard conditions. When considering side reactions, the
conditional stability constant 8,z can be expressed

[MeR/]

; B BMeR
Paer = Do [R]

OMe(HA) " OR(H)

where [Me'], [R’], and [MeR/] are the conditional con-
centrations of respective species in the equilibrium,
and ane(Ha), @r(m) are the individual side reaction
coefficients. The side reaction coefficient ayjema) rep-
resents the effect of metal complexation with HA

Me(aq) + HA(aq) <« Me—HA(aq) (B)
and is defined

e(A) = 1+ Bye_pma [HA' =1+ Pe_ma - cna
QHA(H)

(5)
where 'Me—HA, BMe—HA, cua, and [HA'] are the con-
ditional stability constant, the stability constant of
humic acid—metal complex Me—HA, the total con-
centration, and the conditional equilibrium concentra-
tion of HA, respectively. The side reaction coefficient
apa(n) defines the protonation of HA. It is expressed

[H]
K aHA

apam) = 1+ Bua H =1+ (6)

where K,ga is the dissociation constant of acidic
groups of HA and [H] is the concentration of hydrogen
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Table 1. Summary of Values of Constants of Stability of
Metal—Resin  (OBmer) and Metal—Humic Acid
(Bmena) Complexes and Dissociation Constants of
Resin (K,ru) and Humic Acid (K,ma) Included
in Calculation of the Side Reaction Coefficients
(pH = 6.8, Relative Molecular Mass M, = 1000)

Resin Value Humic acid Value
log Bcar 5.73 log Bcana 4.90
log Bcur 10.6 log BcunA 6.40
log BNiR 8.13 log ANiHA 5.30
log BpbR 7.45 log BprHA 6.20
pKaru 2.98 PKaHA 4.86

ions in the solution. The protonation of the specific
iminodiacetic groups in the resin R can be expressed

H"(aq) + R (s) < HR(s) (€)
The side reaction coefficient ag ) is then defined

(H]
K.ru

arm) =1+ Bru [H =1+ (7)
where K,ry is the dissociation constant of the func-
tional group of the resin and [H] is the concentration
of hydrogen ions in the solution.

Above expressions allow to quantify the total side
reaction coefficient «, composed by a product of par-
tial coefficients (ane(ra) - @r(HA)), and to calculate
the conditional stability constant of the complex Me—
R, Bier- The values of constants K,ru and Omer
found in aqueous solutions [24] were chosen as the
best surrogate for values of constants of heterogeneous
resin/solution equilibrium. Many studies were focused
on determination of K,ga and Sye—na [256—38]. How-
ever, a wide range of the data can be found that re-
late to different HA substances, e.g. for pK,yua val-
ues of 3.4—5.5 and for log Bcu—na values of 3.5—8.8
were reported. Some papers presented also sequences
of stability of Me—HA complexes, e.g. stability of
complexes increases in the order Cu, Pb, Ni, Cr, Cd
in Refs. [34, 35], Cu, Pb, Ni, Cd in Refs. [36, 37] or
Cu, Cd, Ni, Zn in Ref. [38]. Obviously, the best esti-
mate for these constants pK, = 4.86 and log One—nA
for complexes Cd—HA and Pb—HA of 4.9 £+ 0.4
and 6.2 £+ 0.7, respectively, can be obtained from the
works of Lubal et al. and Fetch in Refs. [30—32].
These reported values relate to the same HA sub-
stance (Fluka, Product No. 53680). For Cu and Ni,
the sequence of stability of Me—HA complexes pre-
sented in Ref. [30] was taken into account in assessing
values of log Bye_na. The total concentration of hu-
mic acid c¢ga and the acidity (pH) of the solution [H]
were known experimentally, and relative molar mass
of HA (M,) of 1000 g mol~! was taken from Ref. [39].
The individual values of constants used in evaluation
are summarized in Table 1.
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Fig. 4. Dependence of reciprocal values of side reaction co-
efficient 1/a on varying humic acid concentration
(pra/(mg dm~3)) in solutions for: ® Cd, A Cu, A Ni,
o Pb.

The total side reaction coefficient o allows quan-
tifying the influence of humic acid substance. The re-
ciprocal value of this coefficient (o > 1) represents
according to eqns (4) and (5) the ratio of stability con-
stants By.r/BMeR, i-¢e. the effect of HA in the interac-
tion of metal ions with specific iminodiacetic groups
of resin. Consequently, values 1/« obtained for var-
ious concentrations of HA can be compared directly
with the ratio of diffusion coefficients (Dapp/Diab) pre-
sented in Fig. 3. The data calculated from the model
of conditional complex equilibria are plotted for four
studied elements in the graph in Fig. 4 for compari-
son sake. It should be emphasized that contribution
of acid-base equilibria is negligible () = 1.0002
and agam) = 1.0115) at pH of 6.8 applied in these
experiments. One can recognize the same trend in de-
pendences, including element-specific behaviour, when
comparing graphs in Figs. 3 and 4. Obviously, compet-
itive complexation reactions of HA with metal ions
in the aqueous solution play decisive role in affecting
DGT response that is reflected by the reduced metal
uptake. Reduced mobility of larger molecular species
of metal—HA complexes plays evidently a minor role
in this instance.

Potentially, DGT technique can be employed in
characterization of environmental systems, in frac-
tionation/speciation studies. Modifying the specific
groups of the resin in terms of weak/strong ligands,
one can control the selectivity of the technique, affin-
ity to certain metal species. In order to shed light on
processes and mechanisms of influence of HA in assess-
ing metals species in environmental systems by DGT
technique, further investigations should be carried out
with various types of humic acid substances, as well
as various functional groups anchored to the resin.
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