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Diffusion measurements seem to provide a valuable approach to mapping studies on heavy
metal transport in systems containing humic substances. The paper deals with the diffusion
of cupric ions in a humic hydrogel. The diffusion coefficients of Cu?* in this medium were
determined using in-diffusion from the constant source, diffusion couple and instantaneous
planar source. The applicability of the experimental arrangements and mathematical de-
scription of metal ion transport are discussed in terms of the influence of complexation of
cu?* with humic acids. All determined diffusion coefficients of Cu?* in humic gel were
lower but of the same order of magnitude compared with that obtained in water.
Keywords: Diffusion; Heavy metals; Humic acids; Immobilization; Hydrogels; Copper trans-
port.

Because of their complex nature, humic substances face an identification
dilemma. A part of scientific community (mainly environmental scientists)
recognizes humic acids (HA) as a component of natural organic matter
(NOM) that plays a key role in such issues as global warming, carbon cycle
in the nature or self-detoxification of soils and sediments, while the others
consider this material one of the greatest sources of organic carbon for in-
dustry. Industrial applications of humic substances are encouraged by rich
alternative natural sources — peat, young coal etc. — from which they can be
obtained by simple and cheap methods of extraction and purification?.
Humics are also chemically reactive. They contain a wide range of function-
alities that could change when structural modifications are made to acquire
desired properties?.

Due to a diffuse nature and diverse functionalities of humic substances,
fundamental knowledge regarding their chemistry and properties is still
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missing. These substances are not well understood with regard to exact
structure; it is hence necessary to develop an appropriate methodology in
order to compare applicable properties of humic substances from different
sources and to confront them with other materials (e.g. synthetic polymers
and biopolymers). Therefore, systematic reactivity and biological activity
mapping studies are needed.

Humic acids provide the outstanding ability to sorb common groups of
pollutants such as metallic cations. Many works focused on sorption of dif-
ferent toxic chemicals on solid humic acid and/or humic sols®° have been
published. But it is also well known that the sorption ability depends
strongly on the mobility and the transport of adsorbed ions (or molecules)
into humic particles. Involvement of diffusion transport of a sorbate in a
specific form of humic material is therefore necessary for modeling sorption
on HA in their natural environments. It is necessary to study and under-
stand both complex behavior of this natural system and the role of its con-
stituents. Published studies of diffusion in humic systems are relatively
scarce. Wang et al.10 investigated the effect of HA on Eu®* diffusion in com-
pacted bentonite. They found that HA hinder the Eu3* diffusion and migra-
tion because of a formation of Eu-HA complexes which precipitate at the
surface of compacted bentonite. Consequently, only a small part of Eu
exists as a free ion in the humics-containing system. Wold and Eriksenl!
carried out similar experiments with diffusion of Eu®*, Co?* and humic
colloids through compacted bentonite. Humic colloids diffused through
the bentonite regardless its compaction. The apparent diffusivities of both
metals increased significantly in the presence of humic colloids. Chang
et al.’?2 investigated the sorption kinetics of volatile organic compounds in
dry, pressed humic acid disks by tracking the weight change of the sorbent
with a microbalance. Kinetics of sorption and desorption are successfully
described by a diffusion model.

Masaro et al.1® present a detailed overview of diffusion in polymer solu-
tions, gels and solids. Various theoretical descriptions of the diffusion pro-
cesses are proposed. The theoretical models are based on different physical
concepts such as obstruction effects, free volume effects and hydrodynamic
interactions. References therein illustrate an applicability of these models
in treatment of diffusion data for various systems.

Our previous results confirmed that kinetics of metal-humic interactions
are generally dependent on the colloidal state of HA15 In natural state,
HA are usually found in wet environments (water sediments, peat etc.) in
swollen form, hence recent contributions focus on the study of HA in the
hydrogel form'516, Besides good simulation of natural humic environment,
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the gel form of HA provides some additional benefits. The most valuable
one is preparation of HA with defined size and shape, which is necessary
for the evaluation of transport parameters by means of a mathematical
model. Besides, the gel form of HA can be considered as a system which al-
lows fixation of humic material while enabling interactions in its bulk.
Consequently, not only these physicochemical interactions but also trans-
port within the humic matrix can be studied. Humic hydrogels can also be
prepared in a simple and cheap way using a method of controlled coagula-
tion®.

The diffusion studies on humics could be utilized in easy characterization
of the material. Parameters such as effective diffusion coefficients of com-
mon pollutants in hydrogel forms of humic acids can be used in discussing
the quality of humic substances of different origin in comparison with
other synthetic or natural materials regarding desired applications. Deter-
mination of diffusion coefficient of various substances in polymer gels is
taken as a topic for numerous works!’-2°. Seki and Suzuki'’ prepared com-
posite adsorbents containing humic acids entrapped in an alginate gel and
carried out a kinetic study of lead adsorption on this gel. The shrinking
core model was used to determine apparent lead diffusion coefficients in
the gels. Scally et al.'® derived diffusion coefficients of metal ions and
metal-ligand complexes in polyacrylamide hydrogels at different ionic
strengths using a diffusion cell. Effects of humic and fulvic acids as ligands
were also studied.

Although the accurate measurement of diffusion coefficients usually
needs expensive and sophisticated equipment, e.g. nuclear methods such as
NMR, Rutherford backscattering spectrometry (RBS) or elastic recoil detec-
tion analysis (ERDA), simple laboratory techniques exist for determination
with standard error below 10%'°. In general, measurement in diffusion cells
is the method used most frequently in gel?°-25. Besides, several other simple
methods for determination of diffusivity in solids and gels have been devel-
oped, such as a method of instantaneous planar source?®2? which differs
from others by the fact that diffusion coefficient is calculated from a
linearized concentration profile in the gel sample instead of using a time
dependence of total diffusion flux. Garcia-Guttieréz?® provides in-depth
summary of methods for the determination of diffusion coefficients in sol-
ids. Pros and cons of each method are discussed on the example of diffu-
sion of both neutral (tritium) and ionic (CI-, I-, SO,%-, Na*, Ca?*, ...)
substances in compacted bentonite.

The cupric ion is well known for its high affinity to humic substances!®
and the ability to form one of the strongest bonds with them. Due to the
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above and also because of easy quantification of Cu?* content (e.g. by
means of UV-Vis spectroscopy), cupric ions have been chosen as a model of
heavy metal sorbate. The diffusivity of cupric ions in the humic gel is deter-
mined by their reduced mobility in a porous gel phase and by their interac-
tions with HA. Mathematically, these effects are described by the following
equation derived from conservation of mass

ac, o 0%¢c,

1Lopo Ty 1
ot " ox? @

where c; is the concentration of Cu?* in time t and distance x in a humic
gel. DS is the value of the diffusion coefficient that embraces the influence
of the porous phase. This coefficient is usually defined by the relation®

D
D = (P? (2)

where D is the diffusivity in dispersion medium (water in the case of hy-
drogel), @ represents the porosity of the porous medium and t stands for
its tortuosity. Tortuosity is related to longer diffusion pathway in three-
dimensional network as compared with diffusion in an aqueous solution.
For highly porous media, its value lies between 2 and 6, usually it is close
to 3 as the substance diffuses in 3 directions instead of 1 and the pathway is
consequently approximately three times longer. The second term of Eq. (1)
represents the rate of chemical reaction between Cu?* and HA and it is de-

fined as
oc,
= 3
3t (3

This balance describes distribution of the fixed Cu?* ions in time and space.
If fast immobilization with the presence of local equilibrium between
mobile and immobilized Cu?* is presumed, Eq. (1) is written now as

ac, o 0%¢c, ac,
—L=p% T 1K L 4
a " oox? ot )
and, consequently,
dc, _ Dg 9%c, _ D ac, 5)

ot 1+K ox? " 9x2
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where K is the proportionality constant between mobile (c;) and immobi-
lized (c,) Cu?* ions defined as

c, =Kc,. (6)

Equation (5) defines a new effective diffusion coefficient

D%,
1+K

D =

eff

()

In this case, “the effective value” means the value in which effects of
both chemical reaction and porous character of the gel are involved. From
the analytical solution of Eqg. (5), mathematical expressions for the con-
centration profiles of diffusing ions in the gel can be designed for corre-
sponding experimental conditions (for more details, see ref.14). The afore-
mentioned simplification is often used wherever an interaction between
a diffusing substance and a medium can be assumed fast enough in com-
parison with the diffusion itself. In practice, this condition is usually ful-
filled if the macroscopic diffusion characteristics obey rules for the Fick’s
diffusion (i.e. cumulative diffusion flux is directly proportional to square
root of time).

EXPERIMENTAL

Isolation of Humic Acids

HA were extracted from South-Moravian lignite by alkaline extraction. Lignite was stirred
with the extractant (0.5 M NaOH and 0.1 M Na,P,0,) in the 20 g per 1 dm? ratio for 12 h.
The formed suspension was kept standing overnight and the next day the solution was sepa-
rated from the solid phase and acidified with 20% hydrochloric acid to pH below 1. The
solid residue was put into another 1 dm?® of the extractant and after 1-h stirring the extract
was separated and acidified in the same way. The acid extracts were kept in refrigerator over-
night. Precipitated HA were separated by centrifugation (4 000 rpm), washed by deionized
water several times and centrifuged again (until CI” ions were removed) and dried at 50 °C.
Before humic gel preparation, HA were washed by deionized water, centrifuged and dried
once more.

Characterization of HA

Obtained HA were characterized by elemental analysis (CHNSO Microanalyser Flash 1112,
Carlo Erba) and UV-Vis (Hitachi U 3300). For UV-Vis spectroscopic characterization, dry HA
(7 mg) were diluted with 0.1 m NaOH and absorbance at wavelengths 200-900 nm was mea-
sured.
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Preparation of Humic Gel

For the preparation of the humic gel, solid HA were dissolved in 0.5 m NaOH. The hydrogel
was then obtained by precipitation of sodium humate after acidification with HCI to pH be-
low 1. The formed mixture was kept overnight and the next day the mixture was centri-
fuged, the supernatant was discarded and the gel (labeled as ‘gel A’) was repeatedly washed
with deionized water and centrifuged. About 86% of total weight of the resulting hydrogel is
represented by water content.

Diffusion Experiments

The paper compares three simple experimental methods for determination of Dy. In all of
them, non-stationary (transient) diffusion of Cu®* is assumed. Each of the following experi-
ments was done in triplicate; the individual diffusion flux was calculated as the arithmetic
mean of the three corresponding values with determination of the standard error.

In-diffusion from constant source. The first diffusion experiment was focused on the diffu-
sion from constant source of Cu?*. This method is often used in determining diffusion coef-
ficients in various solid samples?®*1. The humic gel (gel A) was packed into cylinders (1 cm
internal diameter and 5 cm length). These cylindrical samples were put separately into 50 ml
of saturated CuCl, solution with ca. 2 g of crystalline CuCl, added before. As the rate of dis-
solution of the crystalline salt is assumed to be higher in comparison with the rate of diffu-
sion, we can suppose that the concentration of Cu?* in solution is maintained at a constant
value during diffusion experiments. In given times, gel samples were sliced and the slices
were extracted separately with 0.025 m NH,EDTA solution. Previous extraction experiments
had confirmed the 100% effectiveness of the leaching of Cu?* ions from humic gel to 1 ™
HCI up to the 1 mol It content in the gel. Acid extraction is advantageous because dis-
solved humic acids do not interfere with the UV-Vis signal of Cu?* in extracts. Nevertheless,
higher Cu?* concentrations require the use of NH,EDTA as the leaching agent. The cu?*
content in each extract was quantified by UV-Vis spectrophotometry (Hitachi U3300). Con-
sequently, the concentration profile was determined by assessing the concentration of Cu?*
determined from a slice from a corresponding position in the gel cylinder. Simultaneously,
the cumulative diffusion flux was calculated from the sum of the Cu?* contents over the
whole cylinder.

Diffusion pair. Diffusion pair (also called Half-plugs method) is often used for determina-
tion of diffusivity in solids?®3233, The measurement is carried out by connecting two sam-
ples (usually tubes filled with a studied material) which differ only in concentration of
diffusing matter. This approach was implemented as follows. The humic gel with incorpo-
rated Cu®* ions (gel B) was prepared by diffusing the ions into the humic gel described in
the previous chapter (gel A). The gel A was gently pressed into a silicone tube (inner diame-
ter 1 cm and length 3 cm) and placed into 1 m CuCl, solution (30 ml). cu?* ions were dif-
fusing into the gel for 8 days, until a constant concentration in the tube was achieved. The
diffusion pair was then realized by connecting two silicone tubes, one filled with the humic
gel containing Cu?* ions (gel B) and the other filled with the humic gel without metal ions
(gel A, tube length 5 cm). In a given time, the samples were disconnected and the concen-
tration of diffusing substance was found in different positions. For this purpose, gel-slicing
was used again, determining the concentration of Cu?* ions in a separate slice after extrac-
tion with 1 m HCI by UV-Vis spectrophotometry. Satisfactory effectiveness of this extraction
in the particular region of Cu?" concentrations in the gel was confirmed again. From the

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 9, pp. 1323-1340



Copper Transport in Humics-Containing Systems 1329

dependence of cumulative diffusion flux (total mass of substance transported through the
interface of the diffusion pair) on time or from the shape of concentration profile of the dif-
fusing substance in the sample, diffusion coefficient is then calculated.

Instantaneous planar source. For an instantaneous planar source of the diffusing matter, an
infinitesimally small width of the initial concentration pulse is presumed?52°. This can be
considered, e.g., when a filter paper tagged with a highly soluble substance is located at the
end of a tube filled with the studied hydrogel. In the particular experiment, a circular slice
of filter paper (1 cm in diameter) was immersed into 1 m CuCl, solution for 1 min. The
humic gel (gel A) was packed into a plastic tube (1 cm inner diameter and 5 cm length) with
the immersed filter paper placed at one end. At given times, gel samples were sliced and
both paper and gel slices were extracted separately with 1 m HCI. Concentrations of Cu?*
ions in separate slices were determined using UV-Vis spectrophotometry.

RESULTS AND DISCUSSION

Characterization of HA

Results of the HA elementary analysis illustrate the major content of H
(42.12 mole %) and C (41.16 mole %); high content of O (15.64 mole %)
and the minor amount of N and S (0.91 and 0.17 mole %, respectively). All
values are normalized on dry ash-free HA. These results are in accordance
with previous elementary analysis published for lignitic humic acids®’.
From the UV-Vis spectrum of sodium humate, standard optical characteris-
tics were calculated. They are very useful for the determination of the
chemical structure of HAl. The absorption ratio A,g,/A,es, Which corre-
sponds to the ratio between resistant lignin structures and HA with the low
degree of humification34, was 3.75. A,qs/Ages ratio (E4/6) indicates the
humification index and decreases with increasing molecular weight or de-
gree of dispersion. Low E4/6 (3.35) hence indicates high molecular weight
of the applied HA. Kumada®® connected the value of Alog K (AlogK =
log Ayq — l0g Agqo) With the degree of humification of HA. According to this
value, the author distinguishes three basic types of the material: A-type
(Alog K up to 0.6), B-type (0.6-0.8) and R,-type (0.8-1.1); the lower the
Alog K value the higher humification degree. The used HA belong to
A-type (A log K = 0.57) which indicates high degree of humification. Partic-
ular FT-IR, UV-Vis, elemental, 'H and solid-state 13C NMR characterization
of used HA can be found in more details in Peuravuori et al.®.

Diffusion Experiments

Schematic representations of all methods described in the following section
are shown in Fig. 1. Corresponding initial conditions are also implied.
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In-Diffusion from Constant Source

Prior to the start of the experiment, homogeneous distribution of concen-
tration of a diffusing substance is required. In our experiment, the diffusing
species of interest are Cu?* ions and the homogeneous concentration in the
gel in time t = 0 s is zero. When the phase boundary (a circular surface at
the end of the gel cylinder) is kept at a constant concentration (x = 0 m:
€, = Cyo fOr t > 0 s), Eqg. (5) can be easily processed by Laplace transforma-
tion. The time development of the concentration profile of diffusing sub-
stance in the gel can be calculated from the following equation'®29:37

X

¢, =C,,erfc——. (8)

4Dt

A diffusion flux J can be expressed by Eq. (9)
=D [oc, O )

“ Hox szo'
The derivative of the concentration profile incorporated in Eq. (9) gives
the expression for the total amount of substance transported through the
solution/gel interface (cumulative diffusion flux). From this flux, Dy can
be calculated

in-diffusion
from constant source

diffusion pair

instantaneous
planar source

Fic. 1
Schematic representation of the used diffusion methods

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 9, pp. 1323-1340



Copper Transport in Humics-Containing Systems 1331

m=2c,_, it (10)

In nonstationary diffusion of ions through two circular planes at both
ends of the gel cylinder, concentration profiles of Cu?* in the gel show a
typical symmetrical shape with a minimum in the middle of the gel sam-
ple, as was verified experimentally (concentration profiles are not listed
here). For constant concentration of Cu?* at solution/gel interface, the total
diffusion flux dependence on the square root of time is assumed to be lin-
ear. As can be seen in Fig. 2, the agreement between this theory and experi-
mental results is good. From the slope of the linear regression of this
dependence, the value of diffusion coefficient of cupric ion in the humic
gel was calculated using Eq. (10). Values of c,_, are determined by extrapo-
lation of concentration profiles. The resulting value of diffusion coefficient
together with all the values determined by the following methods and the
value published for diffusion in water are shown in Table I.

Diffusion Pair

An example of the experimental concentration profile obtained for gel B in
the diffusion pair with gel A is given in Fig. 3. It shows that concentrations
at both sides of the A-B interface are equal or, in other words, no concen-
tration jump is observed. The reason is clear; both gels are of the same ma-
terial origin. First step of their preparation is the same; they differ just in

120
100 —
80 —

-2

60 —
40 -

m, mol'm

20 —

rrrrrrrrrr+i1

0 -

Vt, %°

Fic. 2
Dependence of the total diffusion flux on the square root of time (in-diffusion from constant
source)
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the presence of Cu?* in one of them when starting the experiment. These
ions enter the final complete gel structure and can be consequently trapped
only by functional groups of HA, not involved in the formation of primary
gel structure. The nature, structure and properties of gel B are in this respect
similar to those of the gel A.

A mathematical description of the diffusion in this diffusion pair is sim-
ple. When the diffusion starts, gel B has a constant concentration of Cu?*
ions along the whole tube length (x < 0 m: ¢; = ¢4 for t = 0 s), whereas their
concentration in the gel A is zero (x >0 m: ¢; = 0 mol m=3 for t = 0 s). These
initial conditions were verified experimentally. The solution of second
Fick’s law is the same as in the previous case and leads to the concentration
profile of Cu?* in diffusion pair in the following form?9.29.37

TasLE |
Diffusion coefficients D,y determined by different diffusion methods (with a 95% confi-
dence interval)

Method Dgsr, M2 s
In diffusion method (7.9 +0.6) x 1071°
Half-plugs method (7.1+0.2) x 10710
Instantaneous planar source (slopes) (4.8 +0.4) x 10710
Instantaneous planar source (intersection points) (5.0+1.4)x 10710
Diffusion in water? 14.3 x 10710

2 Cited from Lide et al.®®

1000
800 —
T 600 —

400 —

200 —

0 [ | I 111 { T | I
-30 -20 -10 0
X, mm
Fic. 3
Comparison of calculated (line) and measured concentration profile in diffusion pair after 16 h
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c, = (11)

From Eq. (11), it can be seen that concentration of diffused component on
the interface is time-independent and equal to cy/2.

The total diffusion flux m which goes through the interface between gel B
and the gel A (x = 0) in time t can be calculated as

m=c, ,|—" . 12)
T

A comparison of Egs (9) and (10) with Egs (11) and (12) indicates that, in
fact, diffusion in diffusion pair corresponds to that from constant source;
the outer part of the pair serves as a source which ensures constant concen-
tration of diffusing substance (equal to c,/2) at the interface with the “in”
part.

Again, the dependence of experimentally determined m on vt is strongly
linear (Fig. 4). Therefore, Eq. (12) can be used for calculation of diffusion
coefficient. The value of D, obtained for the Cu?* diffusion from gel B into
gel A is slightly lower than the value determined by diffusion from con-
stant source (Table I) but the confidence interval is markedly more narrow.

To test the validity of calculated D, Eq. (11) was used in order to calcu-
late theoretical concentration profiles for different times. As it can be seen
in Fig. 3, there is a good agreement between experimentally measured pro-
file and the calculated one.

10 <

-2
©
|

10°« m, mol-m

()]
|
L L L L L

0 50 100 150 200 250 300 350
\t, s*°

FiG. 4
Dependence of the total diffusion flux on the square root of time (diffusion pair)
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Instantaneous Planar Source

The method of instantaneous planar source differs from the other methods
mainly because that diffusion coefficient is primarily determined from the
shape of measured concentration profiles of diffusing matter instead from
the dependence of the total diffusion flux on time.

Instantaneous planar source involves an initial concentration pulse of in-
finitesimally small width. For this presumption and for the zero initial con-
centration of Cu?* in the gel, the solution of the second Fick’s law gives the
following relationship for concentration profilel®29.37

C, = Lexp%—i%
s/t 0 4D, t0

where ng, stands for total Cu?* content in sample, x is the distance from
the intercept between the gel and the paper filter and S is the cross-section
area.

Linearization of this equation provides Eq. (14)

(13)

nCu _ X2
SymD, t 4Dt
where it can be seen that while the linear regression of In ¢, = f(x?) is found

in the form In ¢; = B - Ax?, the effective diffusion coefficient influences
both slope A and intersection point B

Inc, =1In (14)

A=—t  g=in_ o (15)
4Dt SymD 4t

For a better readability, the linear regressions for all three times are listed
starting from O in Fig. 5. As mentioned before, the effective diffusivity can
be derived from both A and B. In Fig. 6, the value of Dy is shown as a slope
of time-dependence of 1/(4A). For the calculation of Dy from intersection
point B, the following substitution can be used

Y = I—TB—H exp(2B) . (16)
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If compared with Eq. (15), it can be easily found, that Y = D t. Dy can be

therefore calculated as the slope of time-dependence of Y (see Fig. 6).
Using the calculated diffusivity, the theoretical concentration profiles can

be found. Figure 5 shows the agreement between measured and theoretical

profiles, calculated using the value of D derived from slopes of the linear-
ized profiles.

-3

C, mol-m

Fic. 5

Linearized concentration profiles of cu?* in humic gel (a) and a comparison of measured pro-
files (b) with those calculated (b, lines) using subsequently determined diffusion coefficient
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Calculated Diffusion Coefficients

All calculated values of the diffusivities are listed in Table I. It can be seen
that all values are of the same order of magnitude as that published for dif-
fusion of Cu?* in water®®. This finding is common for diffusion in hydro-
gels. These values are also in good agreement with published diffusivities of
Cu?* in various hydrogels. Already in 1930’s, diffusion coefficient of Cu?*
was measured in silica gel (ca. 4 x 1071 m? s71)39 and in 2% agar gel (2.9 x
10710 m? s, Much more recently, Garmo et al.*! determined diffusion

—
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h
Fic. 6
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Time dependence of the substituted slopes (a) and intersection points (b) of linearized concen-

tration profiles
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coefficients of 55 elements in DGT (diffusive gradients in thin films) equip-
ment which consisted of diffusive agarose polyacrylamide gel and imino-
diacetate chelating resin. Effective coefficient of Cu?* in this complex
medium was in the range 5.5-6.6 x 107 m? s for pH 4.7-5.9. Scally
et al.18 studied transport of Cu?* in the gels used for DGT method as well.
They obtained values 6.30-6.45 x 1071° m? s-! for agarose cross-linked
polyacrylamide and 4.18-4.81 x 10719 m? s for restricted polyacrylamide
gel. The solid contents of both gels were very close to those of humic gel
(~15%). The range of diffusivity corresponds to various NaNO; amounts
added to source solutions of Cu?*.

Table | shows a good agreement between D values determined by the
methods of in-diffusion and diffusion pair. The relative difference between
the highest and the lowest mean values is slightly above 10%. These values
correspond to about 50% of diffusivity of Cu?* in water. As expected, Cu?*
ion movement in the gel matrix is slower than in water regardless of a high
content of the aqueous phase in the gel. The reaction of Cu?* with the ac-
tive sites of HA in combination with a tortuous pathway decelerates the
transport of Cu?* through the phase interface. In other words, the driving
force for the diffusion may be the same but the resistance to ion movement
is higher when diffusing in the gel.

Both values of D,y determined experimentally with an instantaneous
planar source are noticeably lower. This can be caused by a dependence of
a diffusion coefficient on concentration of diffusing substance as is often
published!®. In the former experiments, considerably higher amounts of
diffusing substance were used and the concentration of Cu?* in humic gel
was always at least one order higher there and therefore an influence of the
chemical reaction on the transport can be more pronounced. Because the
value of Dy is governed by the shapes of concentration profiles, the stan-
dard error of Dy, characterized by the 95% confidence interval, is higher
here. Nevertheless, this method possesses many advantages including low
demands on supply of diffusing matter.

CONCLUSIONS

For the various applications of humic acids utilizing the natural sorption
ability, it is necessary to combine classical sorption experiments with mod-
eling of the sorbate transport in humic material which simulates the natu-
ral forms of HA. For this reason, basic diffusion experiments were performed.
They were focused on the Cu?* transport in the humic gel and the main
goal was to test the applicability of theoretical mathematical apparatus and
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simple laboratory methods to the study of the pollutant transport in mate-
rials that model natural humic environments.

In general, these diffusion measurements seem to provide a valuable
method for reactivity and permeability mapping studies on materials con-
taining humic substances. All methods proved themselves suitable for easy
and quick description of transport phenomena. All experimental data fit
theoretical calculations well. Specific parameters of each method (e.g. con-
centration of diffusing substance) must be taken into account when choos-
ing an appropriate method for defined conditions. Consequently, either
in-diffusion from a constant source or a diffusion pair can be utilized wher-
ever the amount of the diffusing substance is not a limiting factor. In oppo-
site cases, instantaneous planar source represents the method of choice.

As compared to diffusion of Cu?* in water, the experimentally deter-
mined values of diffusion coefficient of Cu?* in the humic gel were lower
but of the same order of magnitude. This finding agrees with an increase in
resistance to transport, which is well known for the reactive gels. The inves-
tigation of the diffusion behavior of typical pollutants in the gel forms of
humic acids (from various sources or methods of extraction and purifica-
tion) can serve as an important tool for the evaluation and standardization
of their usability in a large range of applications.

SYMBOLS

initial concentration of diffusing substance in source gel (diffusion pair),
mol m=

concentration of a diffusing substance, mol m=

concentration of an immobilized diffusing substance, mol m™=

constant concentration at the phase interface (constant source), mol m=3

D diffusion coefficient in dispersion medium (water for hydrogels), m? s

DS effective value of diffusion coefficient excluding any reaction effect, m? st

D, effective value of diffusion coefficient including a reaction effect, m? s

erfc complimentary error function

J intensity of diffusion flux, mol m™ st

K proportionality constant between mobile and immobilized form of diffusing
substance (dimensionless)

m cumulative diffusion flux, mol m™2

ng, total amount of Cu applied in experiment (instantaneous source), mol

S cross-section area, m?

t time, s

X distance, dimension, m

0] porosity of a porous medium (dimensionless)

T tortuosity of a porous medium (dimensionless)
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