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Abstract

A complex labor investigation was performed to determine the adsorption properties of soils around
Solt. After collection of samples firstly the soil type was determined as a pre-information of adsorption
tests. Two type of experiment were performed to know the adsorption performance of soils: batch test
and breakthrough curve test. In both investigation two type of soil (SD a sandy clayey silt, SV a sandy
silty clay) and two type of heavy metals (Mn and Zn) were investigated. In batch test the Langmuir and
the Freundlich isotherms were used to determine the adsorption constants. According to our results the
fitting of Freundlich isotherm was better for both soil, and the adsorption of Mn (Ktsp = 2.28,
Kisv=1.74) was more intensive than Zn (Krsp = 1.27, Kisv = 0.84). After performance of static
adsorption test, dynamic adsorption test, breakthrough curve test was also performed. The
characteristic of adsorption was similar like in case of batch test. The value of distribution coefficient
was higher in case of soil SD, and the adsorption was more intensive for Mn.
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1. Introduction

To perform a transport model input parameters are needed. From references, a lot of information can be
found for data on typical soil types but this information will never result in an accurate transport model
like models base on measured data.

There are two methods to determine transport parameters: the batch test and the breakthrough curve
test. The first is a static investigation: uniform amount of soil samples are added to several vessels, then
solutions with different known concentrations of investigated heavy metal are added to the solid phase.
According to the aim of investigation the kinetics, the dynamics and the equilibrium of adsorption could
be investigated. In case of adsorption equilibrium, the end of investigation is stabilization of
concentration change in the solution. After analysis of solutions the performance of the adsorbent is
evaluable. The parameter is resulted from the batch test is adsorption capacity (Zavvar Mousavi &
Seyedi, 2011):

q= (CO_C)U @
w
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where Coand C are initial and final concentrations of the heavy metal [mg-L ], V is volume of solution
[L] and W is dry weight of adsorbent [g]. Equilibrium studies are conducted at a constant temperature
to describe the relationship between adsorbed amount and equilibrium concentration of the investigated
heavy metal in mathematical form. About the constant temperature conditions the curves of adsorption
capacity in function of equilibrium concentration are called isotherms (Figure 1). When there is a linear
relationship between adsorbed amount of heavy metal and equilibrium concentration, it is called linear
adsorption and is described by the following equation (Fetter, 1999):

e = Kq-C 2)

where ¢ is mass of adsorbate on dry unit weight of soil [mg-g™], C is the solute concentration in
equilibrium with the mass of solute adsorbed onto the soil [mg-L™] and Ky is distribution coefficient
[L-g7]

The common adsorption processes rarely can be expressed by linear adsorption (Kovacs, 2004), in
this situation, the Langmuir and the Freundlich isotherm equations are used to describe the equilibrium.
The Freundlich isotherm can be preferred to describe the adsorption processes when it is happened as
ion exchange, so an ion A on the surface of the adsorbent is changed to ion B from the soil solution
(Figure 1). With the increase of concentration, the number of exchanged ion B increases on the solid
surface, which process is better followed by the continuously rising form of Freundlich isotherm
(Freundlich, 1907). The Freundlich adsorption isotherm is defined as the amount of adsorbed substances
per amount of adsorbent in solution at a constant temperature. It is written by the equation (Sparks,
2003):

1
— 3
4. = Ky - C ©

where ¢ is mass of heavy metal adsorbed on unit amount [g] of adsorbent, Ce is the equilibrium heavy
metal concentration in liquid phase [mg-L?], K is the Freundlich constant [L-g™] related to adsorption
capacity and intensity of adsorption, and n is a correction factor.

The Langmuir isotherm (Langmuir, 1918) is more describe the situation when “empty” sorption
places are filled (Figure 1). There is 4 assumptions during use of the isotherm: (1) The adsorption happen
on flat surface, where there is given number of adsorption sites and each can hold one molecule. Only
monolayer coverage is permitted. (2) Adsorption is reversible. (3) There is no lateral movement of
molecules on the adsorbent surface. (4) The binding places adsorption energy are equivalent to all sites,
the surface is homogeneous, there is no interaction between molecules. In soils where heterogeneous
surfaces are found these assumptions are invalid, so the Langmuir isotherm is more used for qualitative
and descriptive purposes (Sparks, 2003). The equation of Langmuir isotherm is:

Amax K1 Ce
de = 14K} -Ce )
where g is the adsorbed amount of adsorbate per unit mass of adsorbent [mg-g?], C. is the adsorbate
concentration is in equilibrium (mg-L™), gmax is the maximum adsorption capacity (mg-g™), and K is
the Langmuir equilibrium adsorption constant (L-mg™). To evaluate the adsorption process when
Langmuir isotherm is used a dimensionless constant was defined (Meroufel et al., 2013):

Ry =1 ©)
1+K;-Cy

where Co (mg-L™?) is the initial concentration and K. (L-mg™?) is the Langmuir constant related to the

energy of adsorption. The value of R, can help to judge the favorability of adsorption process. When R

is 0, the value of K. is very large, the adsorption is too strong, also called irreversible. If value of Ry is
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between 0 and 1, means the standard case when the adsorption happens normally, the adsorption is
favorable. When the value of Ry is equal to 1, the value of K is 0, this means that adsorption is linear.
If the value of R is higher than 1, the K. should be negative, in this case the adsorption is not favorable,
it is desorption (Meroufel et al., 2013).
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Figure 1. The Freundlich and Langmiur isotherms (Kovdcs, 2004)

In natural adsorption processes the Langmuir and the Freundlich adsorption processes are existed
together, the ratio of these two processes will determine which isotherm will describe better the complete
system (Czinkota, 1994).

In contradistinction to batch tests the breakthrough curve experiments are dynamic investigations
where the dynamic of adsorption processes could be determined. In this test, solution with constant
concentration is seeped through a column filled with the investigated soil. The flow rate of solution with
Co initial concentration is also constant. In the column there is a mass transfer zone continuously moving
in the direction of flow where adsorption process happen (Figure 2). The shape of the concentration
change in the mass transfer zone is a sigmoid curve, where the actual C shows the development of
adsorption. When adsorption happened in a zone, the sites are filled with adsorbates the C value become
equivalent to Co, from this point only exchange of adsorbates happens in this zone. Investigation of
process in time at the outflow point of column the point when the concentration of adsorbate appears is
called C, breakthrough point (Figure 2). The concentration of adsorbate in the outflow solution is
continuously increased to the point of Cq4, where the concentration is equal to initial concentration. The
interval between Cy and Cq is breakthrough zone (Figure 2). From the equation fitted to the measured
concentration change the main transport parameters can be derived.

The mathematical base of breakthrough curve is the 1D transport equation:
dc (6)

dc _  0%¢C
R = Poxa~ Vo —HeTY
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Figure 2. The change of concentration profile in function of distance in the column and
time during breakthrough process (Geankopolis, 1993)

where, t is the time [s], ¢ is the concentration [mg-L™] at distance x [m] from the column inlet, D is the
hydrodynamic dispersion coefficient [m?-s!], v is average R the dimensionless retardation factor reflects
how strong the solute is retarded by adsorption.

With the following boundary conditions

c(x,0) =(;

_ {Co 0<t<ty
0.0 {0 t <t
dc 0. £) = 0
ax( ’)_

where C; is the initial concentration in the column, Co is the input concentration, to is the duration of
concentration impulse, the analytical solution of equation 6 (Bear, 1972) (Van Genuchten, 1981) (Van
Genuchten & Alves, 1982) is

, . . O<t<t ()
c(x,t) =< + (Ci #)A(x, D+ (CO u) B0 0
(a1 awn +(co—1) Bt — CBEx,t — to) f<to
where
V- X+v 8
A0 = {1~ Lerpe [ — Le(erpe 22t K
v-u X—u vEi)x xX+u 9
B(x,t) = %e[( o lerfe [};/D—Rt] +5el 5 ere [};JD_Iez] X
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and

’ 4uD
u=v 1+L2
v

Inourcase 0 <t<t0
o(x,t) =+ = Z) Ax,t) + (o - Z) B(x,t) (10)

where y = 0 because there is no production and C; = 0 because the concentration of adsorbate is 0 in the
column before injection.
With this simplification the equation 10 is reduced to

c(x,t) = (Cy)B(x, t) (11)
so the used form of breakthrough curve equation is
- f1+—f£ ] (12)

v-v 1+M
Rx—-v 1+ﬂ Rx+v !1+Mt
erfc erfc N

(
c(x,t) =%1e
\

where erfc is complementary of the Gaussian error function

erfc(x) =1—erf(x) = \/%fxwe_tzdt. (13)
To presume the absorbate do not decay the equation 12 can simplify (Ogata & Banks, 1961).
_ 1 Rx-vt) , 1 % Rx+vt (14)
C=C, [2 erfc (2\/D_Rt) + 5 eperfc (—ND_Rt)]

2. Materials and methods

Surface soil samples (SD and SV) were collected in the protected flood plain of Danube, near Solt on
the WGS’84 coordinates of N46.49, E18.97 and N46.79, E19.03, respectively. To determine the
collected soil samples characteristics labor investigations were performed (determination of liquid limit,
plastic limit, and particle-size distribution analysis). The soil samples in the laboratory were dried to
constant mass at 105 °C. Two laboratory test was performed: the batch test and breakthrough curve test.

In batch test stock solution of Zn and Mn were prepared in concentration of 25 ppm, 50 ppm, 100
ppm, 150 ppm and 200 ppm, respectively. After pretesting of adsorption capacity of the soil the
reduction of used soil weight was necessary in the testing. The general soil : liquid ratio in batch tests is
1:10, in our case we modified to 1 : 100, so the weight of soil in the test was 0.10 g, the volume of
added solution was 10 ml. After preparation of soil-liquid mixture, they were treated in continuously
moving shaker for 24 hours. The separation of liquid phase was happened in centrifuge, after collection
of liquid samples their element content was analyzed with an Agilent MP-AES instrument.
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Figure 3. The system of breakthrough curve experiment (Borjini, 2021)
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Figure 4. Results of particle-size distribution analysis for soil SD and SV
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The system of breakthrough curve test is introduced on Figure 3. Stock solution of Zn and Mn were
prepared in concentration 100 ppm. The packed column was filled with soil-sand mixture. Alone the
soil had significant hydraulic resistivity, and too high adsorption capacity which would prevent the
performance of test but dilution by sand could manage the problem. 190 g of inert, quartz sand was
added to 10 g of soil then the soil-sand mixture was filled into the 25 cm long column, which had the
diameter 0.9 cm. An HPLC pump keep the 1 [ml-min] continuous flow rate of stock solution during
test. The effluent solution was collected by an autosampler into 6 ml sample units and was analyzed
with an Agilent MP-AES instrument.
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Figure 5. Results batch test for soil SD and SV
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According to the result of consistency investigations the soil samples are sandy clayey silt (SD I, =9.1)
and sandy silty clay (SV I,= 15.64). On the particle-size distribution curves (Figure 4), in case of soil SD

Table 1
The values of calculated Freundlich constants
Kk SV SD
Mn 1.74 2.28
Std. dev. 0.19 0.92
Zn 0.84 1.27
Std. dev 0.08 0.47

the ratio of silt fraction is 57%, while the ratio of clay fraction is 15%, respectively. In case of soil SV
the ratio of silt fraction is 33%, while the ratio of clay fraction is 12%. These differences in presence of
silt fraction can suggest that SD will have a higher adsorption capacity.
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Figure 6. Results breakthrough curve test for soil SD and SV
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To evaluate the result of batch test, a program (OriginLab Origin 6.0) was used to fit the non-linear
equation of Langmuir and Freundlich isotherms (Figure 5). The fitting of isotherms is better in case of
Freundlich equation (SV Rwn?= 0.99, Rz:?>= 0.99, SD Rwn? = 0.87, Rz:* = 0.89), so the ion exchange
characterizes the adsorption process not the saturation of adsorption places. The value of Freundlich
constant is higher for soil SD (Ksmn = 2.28, Ktzn= 1.27) than for soil SV (Kimn= 1.74 Kszn= 0.84) in
case of both heavy metal (Table 1), so our first suggestion related to higher adsorption capacity of SD
according to silt fraction difference was proved in this investigation. From the investigation the higher
adsorption of Mn is also proved, because in case of every setup of test the received Ky constant is higher
for this metal.

During the breakthrough curve test directly the adsorption constant cannot be determined because
the breakthrough equation just contain retardation factor (R). But according to the following equation
(10) the adsorption constant, the distribution coefficient can be calculated.

R=1+L2-k, (10)
No

where p is the bulk density, no is the effective porosity and Kg is distribution coefficient. The results of
breakthrough curve experiments show the same adsorption differences of soils like batch test (Figure
6). Because during built-in of bed in the column the porosity can change from this aspect the calculation
of distribution coefficient is preferred to make the adsorption processes comparable (Table 2). The soil
SD has higher adsorption capacity than soil SV. To compare the different metals the Mn (Kq=2.99) has
higher adsorption than Zn (Kq= 2.37).

Table 2
The calculated Kq values from R retardation factor
Soil Metal R Kq
SV Zn 7.58 1.86
SV Mn 6.32 1.55
SD Zn 9.77 2.37
SD Mn 12.36 2.99

4. Summary

According to the silt ration difference of soil SD and soil SV the adsorption capacity difference of soils
was proved. In static adsorption batch test the adsorption performance of soil SD was better compared
to soil SV, and from the aspect of metals the adsorption of Mn was more intensive compared to Zn. The
adsorbed amount of metals in batch test can be understood as a maximum that can adsorb in the
investigated soil because there is enough residence time to reach the equilibrium. In case of breakthrough
curve experiment, the adsorption will just characterize that flow condition in which the experiment
happen. The change in flow rate will determine the residence time, so there will be new equilibrium in
adsorption. This is the reason why it is important to correctly determine the hydraulic regime during
modeling of transport of heavy metals because the adsorption of heavy metals will differ in case of
different flow velocities. In case of a heavy metal contamination the soil SD will adsorb the metals better
than soil SV, so their spread will be significantly slower.
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