CHAPTER V

SORPTION AND TRANSPORT OF Pb**, Ni*', Mn?*, AND Zn**
UNDER BINARY AND MULTI-METAL SYSTEMS THROUGH LATERITIC
SOIL: COLUMN EXPERIMENTS AND MODELING

Abstract

This study investigates the sorption and transport of four metals (i.e., Pb*,
Ni2*, Zn**, and Mn*") through lateritic soils at pH 5 in binary metals and multi-metal
systems. Based on the breakthrough times of Pb*" in single metal systems, Pb>* was
retained in lateritic soil more than to other metals (Ni’*, Zn?*, and Mn®"). The
retardation factors and average maximum sorption capacity of Pb>* were found to be
higher than other metals for the single, binary, and multi-metal systems. This may be
due to the smaller hydrated radius of Pb>* as compared to the other three metals. The
presence of other metals (Ni*, Zn**, and Mn*") in the system, resulted in the
reduction of sorption capacities of individual metals in both binary and multi-metal
system. The HYDRUS-1D with local equilibrium convection-dispersion model
(linear and Langmuir isotherm) and nonequilibrium (two-site model, TSM) was
applied to describe heavy metal breakthrough curves under binary and multi-metal
systems. The results showed that a two-site model (TSM) with first ofder kinetic
were able to describe the breakthrough curves better than the local equilibrium
convection-dispersion model both in binary and multi-metal systems. The fraction of
instantaneous site (f) of each metal on the lateritic soil in the binary and multi-metal
systems was consistently about 30-58 % of sorption site. The model results also
suggested that Pb** was more strongly sorbed than other metals under single, binary,
and multi-metal systems. In the presence of other metals, the maximum sorption

capacity of Pb*" decreased indicating possible competition for sorption sites with

other metals.

Keywords: heavy metals; sorption; HYDRUS-1D; two-site model; lateritic soil



73
5.1 Introduction

The transport of heavy metals through soil has been investigated with great
interest by both environmental and soil scientists. Heavy metals in wastes generated
by anthropogenic and natural activities can leach and contaminate soils and
groundwater systems (Protano and Riccobono, 1997; Macro et al., 2002; Passariello,
2002; Ramirez Requelme et al., 2002; Lottermoser, 2003; Abut et al., 2003).
Pollution from heavy metals is a very serious threat not only to environment but also
to human health due to their toxicity, persistency and non-degradability. These metals
include but not limited to Cr, Mn, Ni, Zn, Cu, Pb, As, Cd, and Hg. For example,
within a zone of 1 km from a copper mining and smelting site in southwestern Poland,
Roszyk and Szerszen (1998) found that the soil contained 250 to 10,000 mg kg™ of
Cu, 90 to 18,000 mg kg™ of Pb, 0.3 to 10.9 mg kg™ of Cd, and 55 to 4,000 mg kg™’ of
Zn. Mining activities generally release substantial amounts of wastes, caused by
poorly designed and maintained storage facilities, poor environmental management of

mining wastes and the consequences of acid mine drainage (Lottermoser, 2003).

An understanding of the sorption and transport behavior of heavy metals is
essential to assess the extent of contamination through subsurface aquifer for a
contaminated site. Mining soils, when removed from the subsurface, are rapidly
oxidized and become acidic, leaching large quantities of cations such as calcium,
manganese, and iron. Batch sorption experiments are typically performed to
investigate the impact of two or more metals on the sorption to the soils. Batch
sorption studies of Pb and Cd onto four soils from Spain conducted by Serrano et al.
(2005) showed that soil with higher pH and clay content had the greatest sorption
capacity as estimated by the maximum sorption parameters of the Langmuir model.
Sorption of Pb was greater than that of Cd for all soils and the simultaneous presence
of both metals tend to decrease their sorption although Cd sorption decreased more
than that of Pb. Arias et al.(2006) conducted sorption of Cu and Zn onto acid soils at
pH 5 and found that sorption can be described by the Freundlich equation rather than
by the Langmuir equation. They found that the total metal sorption from solutions
containing Cu and Zn in 1:1 mole ratio was intermediate between sorption from

individual Zn and Cu solutions of the same total concentration.
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Column experiments can be used an alternative to investigate the sorption and

transport of metals. Column experiments can be used to investigate the displacement
of dissolved solutes through soil and are considered to reflect field conditions more
closer than batch studies and may provide information that are not available using
equilibrium batch experiments (Williams et al., 2003;; Pang et al., 2004; Miretzky et
al., 2006; Yolcubal and Akyol, 2007). Although for many contaminated sites, there
are more than one metals in the contaminated plume, most column studies on heavy
metals sorption are mostly focused on one metal system (Kookana and Naida., 1998;
Li, 2000; 2001; Williams et al., 2003; Pang et al., 2004; Miretzky et al.. 2006;
Yolcubal and Akyol, 2007). The few papers on sorption of heavy metals in multi-
metal systems include the work done by Pazko, T. (2003) where they studied
competitive sorption of Cu?*, Co>*, and Cr* onto grey-brown podzolic soils using
batch and column technique. They showed that the Freundlich equation described the
batch sorption experiments well and linear sorption equation was successfully applied
to describe Cr’* and Cu?* sorption in column experiments. Cu®** and Cr’* on Co**
sorption had a significant effect in both column and batch experiments. In the batch
and column studies by Rodriguez-maroto (2003), showed that Pb was more preferable
sorbed than Cd onto agricultural soil and Langmuir isotherm including competitive
sorption. isotherms obtained from batch experiments were able to predict column
experimental results well. However, some of the issues with multi-metals system
include the possible interactions between heavy metals for sorption sites, non-

equilibrium sorption and mass transfer of metals, are not completely known.

The objectives of this study are to investigate the influence of one or more
heavy metals in mine tailings leachate and their concentrations on the retention and
mobility of heavy metals through lateritic soil. To accomplish these objectives,
column studies were conducted to investigate the transport of simultaneous heavy
metals in binary and multi-metal system in lateritic soils. The transport of these
heavy metals under different conditions was described using HYDRUS-1D, a local
convection-dispersion equilibrium model with linear and nonlinear (Langmuir)
isotherm and nonequilibrium two-site model, (TSM). Information obtained from this
study will lead to a more accurate prediction of the migration of heavy metals from
these sites and assist in selecting appropriate strategies in remediating/monitoring the

contaminated site.
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5.2 Materials and Methods

5.2.1 Soil samples and reagents

The lateritic soils used and its properties were presented in Section 4.2 of
Chapter 4.

The four metal species used in the experiments were prepared by dissolving
0.1 M of Pb(NOs)(s), Zn(NO3)-6H,0(s), Ni(NOs3)-6H,0(s), and MnCl,-4H,O(s) in
separately distilled water. The stock solution were mixed to obtain solutions with
more than one metal, with 0.01 M NaAc (CH;COONa; pK, = 4.76, MW = 136.08 g
mol™) as a buffer solution. NaOH and HNO; were used for final pH adjustment to

maintain pH 5.
5.2.2 Tracer and heavy metals transport experiments

Soil samples were uniformly packed in acrylic columns with an inner diameter
of 2.50 cm and a depth of 10 cm. The soil column was initially saturated with
deionized water from the bottom with at least 6 pore volumes (PVs) to eliminate the
entrapped air and to minimize the possibility of preferential flow (Pang et al., 2004).
Due to the very fine texture of the lateritic soil, the wet soil could not be compacted to
a typical field soil bulk density. A bulk density about 1 g cm™ was obtained. After
the saturation procedure, a solution of 30 mg L™ of bromide (Br) was injected from
the bottom at a rate of 8+0.5 mL hr''and the column effluent was collected using a
fraction collector. The effluent was filtered and analyzed using ion chromatography.
After injecting the Br’, about 6 PVs of NaAc buffer solution were injected to maintain
a constant pH of 5. The mixed metal solution was then injected from bottom of
column and the effluent collected periodically to monitor the concentrations of metals
and pH in the effluent. The metal concentrations in the effluent were determined by
flame atomic absorption spectrophotometry. The breakthrough curves (BTC),
expressed as the relative concentrations (C/Co) versus pore volume (V/Vo) were
plotted, where Co is the initial concentration added and Vo is the pore volume of soil

column. The binary and multi-metal experiments conducted are presented in Table 5-
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1. Pb?" was used as the main metal while Mn**, Ni** and Zn** were used as the second

metal.

Table 5.1 Column experiments for binary metal and multi-metal systems

Concentration (mmol L)

System Metals Pb** Mn** or Ni** or pH
Zn2+
Pb**-Mn”" 5 3,5,10 5
Binary metals Pb?*-Ni** 5 3,5, 10 5
Pb**-Zn* 5 3,5,10 5
- Pb?*-(Mn?"-Ni*"-
Multi-metals 3 5) 5/5/5 5
Zn™)
5.2.3 Transport Models
(a) CXTFIT

CXTFIT 2.0 (Torride et al., 1995) is a program with a number of analytical
solutions for one-dimensional solute transport based on the convection-dispersion
equation (CDE). CXTFIT includes an inverse modeling capability that uses a
nonlinear least-squares parameter optimization method to fit mathematical solutions
of the theoretical transport model to experimental data. The equilibrium CDE may be

written as:

aC _&C oC poC [ecC
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where C = concentration of solute in liquid phase (mg L™); r = time (hr); D =
longitudinal dispersion coefficient (cm? hr''); v, = average linear groundwater velocity
(cm hr''); p = bulk density of aquifer (g cm™); & = volumetric moisture content or
porosity for saturated media; C* = amount of solute sorbed per unit weight of solid

(mg gh); rxn = subscript indicating a biological or chemical reaction of the solute

(other than sorption) (mg e hr'l)
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CXTFIT was applied to assess the transport parameters and to evaluate any

physical nonequilibrium processes in the system using the linear equilibrium CDE
model, (CD.q) and two-region nonequilibrium model (TRM). In the two-region
model, the physical nature of the porous medium is separated into two domains: a
mobile “dynamic” domain, and an immobile “stagnant” domain. Solute movement in
the mobile regions occur by convection-dispersion model, whereas solute exchange
betwen the two regions occurs by the first order diffusion. The governing equation

for the two-region nonequilibrium model is:

oc oc o’c oc
0, + fK,) ==+, +(1- = 0 =g =
O+ pK)Z=+[6.+A-NPKJ2==0.D.—=-q—=
oc
b+~ )Pk, J5= = ate. c.) G

where the subscripts m and im refer to the mobile and immobile regions, respectively;

a 1s a first-order mass transfer coefficient (d_] ), representing the rate of solute
exchange between the mobile and immobile regions; and f is the fraction of mobile
water. For nonsorbing solutes such as bromide (Br’), values of # and @ can be used to
evaluate potential contributions from physical nonequilinrium. Values for these

nonequilibrium terms from the two-region model can be described as:
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Due to the limitation of CXTFIT program, it could apply only linear isotherm
to describe the solute transport. However, sorption is generally not linear for heavy

metals.
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(b) HYDRUS-1D

- HYDRUS-1D can be applied to simulate transport of heavy metals in soils
and the model code can be applied for different equilibrium and non-equilibrium flow
and transport in both direct and inverse mode. The following were used in this study

to assess experimental breakthrough curves (BTCs):

* Linear sorption model and nonlinear Langmuir sorption model
for the equilibrium convection-dispersion transport model
(Eq.2)

Chemical non-equilibrium model or the two-site model (TSM)
as presented by (Eq.7) (Selim et al., 1976). Using Langmuir

sorption model, the governing equations for the two-site model
becomes (Fetter, 1993) :

b 2
6 1(1+bC) |Jar Tt ax 6 1+5C (6)
where fis the fraction of equilibrium sites and a is a first-order kinetic rate coefficient

(d_l ). S is solid phase concentration at site 2. The SSEs of the prediction of the
model and the experimental data were minimized by the HYDRUS-1D code
(Simtinek et al., 2008) to optimize the sorption constant, the Langmuir component

(Omax b), the rate coefficient (a), and the fraction of equilibrium sites (f) -

5.2.4 Parameter estimation

Water flow and solute transport in the soil columns can be treated as one-
dimensional problem in mathematical simulations. The column was saturated with
water and assumed to be homogeneously packed. A flux concentration boundary was
assumed for the bottom of the column and a zero concentration gradient at the top or
effluent of the column. The hydrodynamic dispersion coefficient D of the soil was
estimated by curve fitting the bromide breakthrough curves (BTCs) with the nonlinear
least-squares parameters optimization method (inverse model routine) of CXTFIT
(CXTFIT; Toride et al., 1999). The solute transport parameters were initially

estimated from bromide BTCs using CXTFIT by assuming equilibrium condition and
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setting the retardation factor, R to 1. The two-region approach, assuming

nonequilibrium conditions, was then applied to examine any physical nonequilibrium
processes in the system. The hydrodynamic dispersion coefficient D obtained from
the bromide BTC were then used to estimate the soil dispersivity, A = D/v. The
average dispersivity (Amg) found from the bromide BTCs was used to estimate the
sorption parameters of heavy metals under different conditions using linear and
nonlinear sorption isotherm models as provided by HYDRUS 1D code version 4.Beta
1 (Simuinek et al., 2008). In addition, chemical nonequilibrium model (2-site model,
TSM) was used to estimate sorption parameters (Omax and b in the case of Langmuir
isotherm) and the nonequilibrium parameters (f and a) for transport of heavy metals.
Least square errors were used to determine the appropriateness of the curve fitting.
For the numerical calculations, the soil profile was discretized into 11 distributed
nodes. The maximum time step for the simulation was chosen small enough At =1 hr

to assure a mass balance error smaller than 1%.

5.3 Results and Discussion

5.3.1 Bromide Breakthrough Curves

The results of the nonequilibrium two-region model of the CXTFIT program
for the bromide breakthrough curves are presented in Table 4.3. Since the model
results gave 8 values equal 1 and @ > 100, and when @ > 10, the local equilibrium
assumption appeared to be reasonably approximated (Bresseau et al., 17991). This
suggests that all the water in the system was mobile (Toride et al, 1999).

Consequently, equilibrium conditions can be assumed for the bromide data.
5.3.2 Heavy metal transport —experimental results

Effect of concentration of secondary metals on their retention and retention of
pv**

Figures 5.1 — 5.3 show experimental BTCs of Pb*" in single, binary and multi-
metal systems at pH 5. Table 5.2 shows the properties of the columns used in heavy
metal column studies. The column experiments with Pb*at 5 mM and Ni*‘at 3 mM
and Pb?* at 5 mM and Zn** at 10 mM were chosen for duplication since these two

column experiments gave the lowest (~ 30% decrease) and highest (~ 60 % decrease)
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effects of the second metals (Ni* and Zn*") on the retardation factors of Pb>* (see
Table 5.2). Over the experiment duration of about three weeks, a complete BTC of
heavy metals was not achieved due to the extended tailing. It was observed from the
BTCs that Pb** in a single metal system was sorbed more preferable by lateritic soil
as the breakthrough times were longer than the BTCs in binary systems for different
initial concentrations of secondary metals. For example, the initial breakthrough time
for Pb*>* was about 9 pore volumes in Pb*>* (5 mM)- Ni** (3 mM) system while the
breakthrough time was about 14 pore volumes in a single Pb** system (Figure 5.1).
The BTCs of Pb** obtained in binary systems with increasing concentration of
secondary metal and multi-metal system were found to be shorter than the BTCs of
single Pb*" system (Figures 5.1-5.3).

Another observation for binary systems was that the breakthrough times for secondary
metals were earlier than that for Pb®* (Figures 5.4 - 5.15). For example, the initial
breakthrough time for Ni** was about 5 pore volume, which was less than the 9 PVs
for Pb*" in a Pb?* (5 mM)- Ni** (3 mM) system (Figure 5.4).

One possible reason for the longer breakthrough times for Pb*" is that Pb>* has
a smaller hydrated radius of 0.187 nm than Ni** (0.232 nm), Zn** (0.233 nm), and
Mn** (0.235 nm) leading to higher coulombic or ionic forces of attraction of Pb** than
the other metals. Hence, Pb>" is more likely to be adsorbed as supported by the
retardation factors of Pb**, obtained by the area method (Maraga, 2001). Work done
by Rodriguez-maroto et al. (2002) showed similar trends to this study ‘where they
found that the retention of Pb’>* was more preferable than Cd**, suggesting that the
hydrated radius plays a role (Cd** hydrated radius is 0.23 nm which is larger than
Pb>*. Due to the presence of metals in the system, the retardation factors of Pb** were
lower (Table 5.2), for example, for the Pb>*-Ni** system with 3, 5, and 10 mM of
Ni**, the retardation factors of Pb®>* changed from 37.03 in single metal system to
25.53 (~30% decrease), 22.74 (~40% decrease), and 18.74 (~50% decrease) for the
different Ni** concentration, respectively. On the other hand, the retardation factors
of Ni?* decreased when the concentration of Ni** increased (i.e., 3 mM, 5 mM, and 10
mM), to 17.68 (~40% decrease), 13.77 (~50% decrease), and 9.31 (~70% decrease),
respectively. These results were similar to Leitdo and Zakharova (2003) who

observed the absence of sorption of Ni** an initial concentration above 0.32 mM L!
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(for Sertd soil) and 0.16 mM L' (for Mortague soil) and a decrease of retardation

factors of Zn?* in the presence of Zn?*, and Cu*' in column experiments. This is
probably due to competition for sorption sites related to the presence of other two
metals. Similarly, Bajracharya et al. (1996) found that the sorption coefficients of
Cd*" determined from column experiments was dependent on the influent
concentration. With lower influent concentration, the sorption coefficient was higher.
As seen in Table 5.2, the sorption capacity and retardation factors of Pb*" reduced
with increasing concentrations of secondary metals in both binary and multi-metal
systems. However, no significant differences in retardation factors of Pb>* were
found for an increase in the concentrations of Zn>* solution of more than 3 mM and
concentration of Mn2* of more than 5 mM in Pb?*-Ni?* and Pb**-Mn*" systems,
respectively. A probable reason is that Pb*" was more preferably sorbed than Zn**
and Mn?* since the hydrated radius of Pb>* (0.187 nm) was lower than of Zn** (0.233
nm) and Mn?* (0.235). Consequently, the soil surface could be saturated with Pb*,

resulting in limited Zn®* and Mn®" access to the sorption sites.

Mohan and Singh (2002) used batch studies to investigate the mutual effects
of metals in the multi-metals system by measuring the ratio of the sorption capacity of
one metal in multi-metals systems, ¢; ™, to the sorption capacity of given metal in
single-metal system, g; 4If g, i 0 > 1, sorption of metal i is enhanced by other
metals ions. If ¢, ™ /g, 0 = 1, metals had no effects on each other. If ¢, ™ /g; bei,
metal i competed with other metals for sorption sites of soil. In our study using the
average sorption capacity as shown in Table 5.2, the values of g; mix /0: were less than
1, indicating the competitive sorption of metals in binary and multi-metal systems.
The batch studies conducted by Mohan and Chander (2006) showed competition of Fe
with other metals (Mn, Zn, and Ca) for lignite sorption sites as evident by the q"/q"
being lower than 1. Similarly, Serrano et al. (2005) found that ¢"*/4" and ¢"*/g“
were lower than 1, suggesting that the presence of Pb>* and Cd*" reduced sorption
through competition for sorption sites on acid soils from Spain. In Table 5.2, sorption
capacity of Pb?* in the presence of secondary metals was reduced in comparison with
that in the single component system. For example, the average sorption capacity of
Pb** was about 0.126 mM g'l, but this was reduced to 0.082 (~35% decrease), 0.076
(~40% decrease), and 0.057 mM g (~55% decrease) when the Ni** solution were 3,
5, and 10 mM, respectively. On the other hand, the sorption capacity of Ni** was
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reduced from approx. 0.11 mM g (in single metal system) to 0.048 mM g™ (~ 55%

decrease) with the presence of Pb** at 4.93 mM. As described above, the reduction
percentages of sorption capacity of Pb** were similar trend to the reductions of
retardation factors. Furthermore, for a 1:1 molar ratio at 5 mM in binary systems, the
presence of Pb** in the system reduced the sorption capacity of Zn** (~ 60 %
decrease) which was the reduction for greater than other metals. Similarly, based on a
1:1 molar ratio in binary system, the percentage reduction of sorption capacity of Pb*
(~ 40% for Ni*', 50% for Zn®*, 50 % for Mn®") caused by secondary metals were
lower than those of secondary metals caused from Pb** (~ 50 % for Ni2*, ~ 60 % for
Zn2+, 50 % for Mn2+).

For multi-metal system, the sorption capacity of Pb*" was reduced from
approx. 0.13 mM g in single metal system to 0.047 mM g (~60% decrease). On the
other hand, the sorption capacities of Zn>", Ni**, and Mn?* were reduced from those in
single metal systems to 0.028 (~70 % decrease), 0.032 (~70% decrease), and 0.023
(~60 % decrease) mM g, respectively. Pb** caused the highest effect on the
percentage reduction of sorption capacity of other metals. The preferred selectivity of
one heavy metal ions over another is called selective sorption (Harter, 1992). The
selectivity order is assumed to be inversely proportional to the hydrated radius of the
metal with smaller radius being more favorable (Gomes et al., 2001). Thus, the
expected order of selectivity is Pb*" (0.187 nm radius) > Ni?* (0.232 nm radius) >
Zn®* (0.233 nm radius) > Mn?* (0.235 nm radius). As shown in the. results, the
sorption capacity in multi-metal system (under nearly the same initial concentration)
were in the order: Pb** (0.047 mM g) > Ni** (0.032 mM g') > Zn?* (0.028 mM g™
> Mn** (0.023 mM g"), which was in agreement with the order of selectivity of
metals. Hence, the retardation factors follow the trend: Pb** > Zn?* ~ Ni%* > Mn?" for
multi-metal system. This would infer that the mobility of multi-metal through

lateritic soil, would be in the order of Mn?* > Ni?* ~ Zn** > Pb?*.

Interestingly, the data in Table 5.2 indicate that total sorption capacity of Pb**
in single system, and the total sorption capacity of the metals in binary systems (Pb**-
Ni*, Pb**-Zn®*, Pb*-Mn®'), and in a multi-metal system for equal molar

concentration system were approx. 0.13, 0.12, 0.11, 0.11, and 0.13 mM g'l,
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respectively (addition of column 12+13). This indicates that the maximum sorption

capacity of lateritic soil was approx. 0.13 mM gt

As mentioned above, the presence of secondary metal ions in the systems,
resulted in a decrease in the sorption capacity and retardation factors of the primary
metal (Pb?"), indicating there was competitive sorption among metals for the available
sorption site on the lateritic soil. As more metal ions were presented in the system,

the competition among metal ions for available sites was more obvious.
5.3.3 Heavy metal transport modeling

The breakthrough curves of heavy metals were fitted using the equilibrium
convection-dispersion model (CD,.;) and nonequilibrium model (Two-site model,
TSM) of HYDRUS-1D. A limitation of this model is that the model could not
represent the interaction between solutes in the system. Thus, each BTC was fitted
individually. The model-simulated curves derived from the models are presented in
Figures 5.4 - 5.15 and the fitted parameters are presented in Tables 5.3 and 5.4. For
comparison purposes, the experimental data for Pb?* BTC in a single system were
presented along with Pb>* in binary and multi-metal systems in Figures 5.4 - 5.15.
For the same initial concentrations of secondary metals (Ni2+, Zn2+, and Mn2+) at 5
mM, the observed BTCs of these metals in single systems were plotted in Figures 5.6,

5.9, 5.12, 5.15 to compare with the BTCs of such metals in binary and multi-metal

systems.
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Figure 5.4 Heavy metal breakthrough data in lateritic soil column for Pb** (5 mM)
and Pb”" (5 mM)- Ni** (3 mM) at pH 5 and different model fits (a) equilibrium
convection-dispersion model (CD.q) with linear and Langmuir isotherm, (b) Two-site

model (TSM)
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Figure 5.5 Heavy metal breakthrough data in lateritic soil column for Pb** (5 mM)
and Pb** (5 mM)- Ni** (3 mM) (duplicated column) at pH 5 and different model fits
(a) the equilibrium convection-dispersion model (CD.q) with linear and Langmuir

isotherm, (b) Two-site model (TSM)
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Figure 5.6 Heavy metal breakthrough data in lateritic soil column for Pb** (5 mM),
Ni**(5 mM), and Pb** (5 mM)- Ni** (5 mM) at pH 5 and different fits (a) the

equilibrium convection-dispersion model (CDeq) with linear and Langmuir isotherm,

(b) Two-site model (TSM)
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Figure 5.7 Heavy metal breakthrough data in lateritic soil column for Pb>* (5 mM)
and Pb** (5 mM)- Ni** (10 mM) at pH 5 and different model fits (a) the equilibrium

convection-dispersion model (CDeq) with linear and Langmuir isotherm, (b) Two-site

model (TSM)
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Figure 5.8 Heavy metal breakthrough data in lateritic soil column for Pb>* (5 mM)
and Pb*" (5 mM)- Mn** (3 mM) at pH 5 and different model fits (a) the equilibrium
convection-dispersion model (CDeq) with linear and Langmuir isotherm (b) Two-site
model (TSM)
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Figure 5.9 Heavy metal breakthrough data in lateritic soil column for Pb** (5 mM),
Mn** (5 mM), and Pb** (5 mM) - Mn** (5 mM) at pH 5 and different model fits (a)
the equilibrium convection-dispersion model (CD.q) with linear and Langmuir

isotherm (b) Two-site model (TSM)
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Figure 5.10 Heavy metal breakthrough data in lateritic soil column for Pb** (5 mM)
and Pb** (5 mM)- Mn?* (10 mM) at pH 5 and different model fits (a) the equilibrium
convection-dispersion model (CDq) with linear and Langmuir isotherm (b) Two-site
model (TSM)



93

4 Berimerl Pb(Snge sysem) |
A Experimental P (Birary system PH(SmM)- Zn(3mM)) ||

~~
&
A

10 W ¢ Exerimental Zn (Brary sysem Po(SM)- Zr(mM) |
] — = = Langmuir Pt SE-0117 I
08 . = = = «Linear Pt SE052 |
7 - Langmuir Zn, SSE=0078 |
1 -~ - - Linear Zn SSE0351 ‘
S 06 o
5
04 -
02- W
0.2 A‘.{ r : iy =
. l (b) A Experimertal Pb(Snge system)
10 ﬁ A Bxperimertal Pb(Binary system Pb(5mM)- Zn(3mM))
: ¢ Experimental Zn (Birery sysiem P(SmM)- Zn(3mM))
= e TSMPh SSE=0.038
08 ¥ TSMZn, SS==0.038
S ' d
S 06
04 -
i A
02 - 01 A AAAAAA
00 4bhun i
0 50 100 150 20
Pore vaume (PV)

Figure 5.11 Heavy metal breakthrough data in lateritic soil column for Pb** (5 mM)
and Pb** (5 mM)- Zn** (3 mM) at pH 5 and different model fits (a) the equilibrium
convection-dispersion model (CD,q) with linear and Langmuir isotherm (b) Two-site
model (TSM)



94

1.2 T 2 T ™ e S 4 &2 e —— Smsney’
‘ A Experimental Pb(Singl sysem)
"™ (a) o%% o Experimental Zn(Singe sysem) |
0- M gg&h& | Experimental Pb (Birary Pb(SmND-Zn(SmM)‘
: .‘v ’, ‘336 - aet  qetmerniza Gy ysemPi(SnM, 25
A 00 — = = Langmir Pb, SE-0076
i il OAﬁ\A o A° = = = +Linear Ph SSE-0447 I
& Au U A8 k Langmuir Zn, SE-0.051 I
G06- ' oy M8 - LnwrZasEOD f
N/ [ o4 ‘ A
04 ¢ O {— 8o
: 1 OA , \ AO%
02 $a.%8 ﬁ:‘ " D10 sargnson
<, A0A + B A
aa &‘ w“‘ e .
3 (b) A W%(Mwm)
o% ¢ Experimental Zn(Single sy stem)
10- ot “P %m%ﬁ@& A Experimentl Pb(Boary sysem PH{SmM- Zn(SmM)
' . o2 8 A ¢ Experimental Zn (Bnery sysem P(SmMy- Zn(5mM)
08 - ! OZOA 0 == = TSMPh SE0I
S . o & A TZR SEO?
© 06 - M A
. A OOAA 1 A
¢ A
04 | A 3 fA ,\ AZ
02 o]0 ‘A‘\ - AAAAMMAMMM
) A " & DA A pn
00 ity e,
0 0 100 150
Pore volume (PV)

Figure 5.12 Heavy metal breakthrough data in lateritic soil column for Pb* (5 mM),

Zn*" (5 mM) and Pb** (5 mM)-

Zn** (5 mM) at pH 5 and different model fits (a) the

equilibrium convection-dispersion model (CDq) with linear and Langmuir isotherm

(b) Two-site model (TSM)
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Figure 5.13 Heavy metal breakthrough data in lateritic soil column for Pb* (5 mM)
and Pb?* (5 mM)- Zn** (10 mM) at pH 5 and different model fits (a) the equilibrium
convection-dispersion model (CDeq) with linear and Langmuir isotherm (b) Two-site

model (TSM)
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Figure 5.14 Heavy metal breakthrough data in lateritic soil column for Pb** (5 mM)
and Pb?* (5 mM)- Zn>* (10 mM) (Duplicated column) at pH 5 and different model fits
(a) the equilibrium convection-dispersion model (CD.q) with linear and Langmuir

isotherm (b) Two-site model (TSM)
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5.3.3.1 Equilibrium convection-dispersion model (CD.q)

The equilibrium model is based on the local equilibrium assumption (LEA)
where sorption is assumed to be fast relative to pore-water velocity. Both linear and
nonlinear isotherm (Langmuir) were used in the equilibrium model to curve fit the
metal BTCs as shown Figures 5.4 (a) - 5.15 (a). Table 5.3 presents the estimated
parameters derived from HYDRUS-1D by minimizing the sum of square errors (SSE).
As shown in Table 5.3, the SSE showed that the Langmuir isotherm explained the
experimental data better than the linear isotherm. With linear sorption isotherm, the
initial breakthrough time of the best fit curve was less than the experimental data and
the number of pore volumes at which the effluent concentration was equal to that of
influent (C, = Cp) were faster than those of the experimental BTCs. Moreover, the
rising and decreasing limbs derived from the linear model were overestimated when

compared with the experimental data (Figures 5.4 (a) - 5.15 (a)).

As shown in Figures 5.4 to 5.15, a characteristic aspect of the experimental
BTCs in binary and multi-metal systems was the asymmetrical shape with a sharply
rising front and a relatively more dispersed elution portion, suggesting nonlinear
sorption behavior. The BTCs for this study are similar to the work of Yolcubal and
Akyol (2007) for column studies of Cr(VI) in calcareous Karst soil, where the
breakthrough curves of Cr(VI) were asymmetrical with a sharply risng front and a
more dispersed portion. The experimental BTCs were better described by Langmuir-
isotherm than those fitted with linear isotherm giving lower values of SSE (Table 5.3).
Although the BTCs obtained with Langmuir isotherm fitted better than those using
linear isotherm, the Langmuir-isotherm-simulated BTCs showed sharp concentration
fronts, and did not fit well with all observed data, especially the rising limb portion
(Figures 5.4 (a) — 5.15 (a)). In addition, the Langmuir-isotherm-simulated BTCs
could not describe the experimental BTCs well as the predicted initial breakthrough
times were more than the experimental breakthrough times for metals in individual
systems. As observed by others, the asymmetrical shape of metal BTCs with long
tailings may be better described by a nonequilibrium transport model (Pang et al.,
2002; Tsang and Lo, 2006).
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Figure 5.15 Heavy metal breakthrough data in lateritic soil column for multi-metal
system (Pb** 5 mM- Zn** 5 mM-Ni** mM-Mn?* 5 mM) at pH 5 and different fits with
the equilibrium convection-dispersion model (CD.q) with linear and Langmuir
isotherm and Two-site model (TSM) were compared with observed data in single and

binary system: (a) Pb**, (b) Zn*, (c) Ni**, and (d) Mn**
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5.3.3.2 Chemical nonequilibrium model (Two-site model, TSM)

The equilibrium convection-dispersion model using linear and Langmuir
sorption isotherm did not fully described the heavy metal BTCs in lateritic soil as
shown in Figures 5.4 (a) - 5.15 (a). Characteristics of nonequilibrium sorption-
related transport have been observed for some metals in repacked soil and/or gravel
column (Tsang and Lo, 2006 Pang et al., 2002). One of the approaches in describing
non-equilibrium transport is to assume a short, initial fast phase of sorption followed
by an extended period of slower sorption (Sparks, 1995). This process can be
modeled using the two-site sorption model (7SM). The BTCs were fitted with this
model as shown in Figures 5.4 (b) - 5.15 (b). Two-site model (TSM) could describe
all of heavy metal BTCs better than linear and Langmuir model based on local
equilibrium. For example, SSE derived from fitting BTC of Pb?* in Pb?* (5 Mm) -
Ni* (3 mM) system at pH 5 were: SSEtsm (0.029) < SSEangmuir (0.119) < SSELincar
(0.479). These results were similar to the work done by others. For example
Kookana et al. (1994) observed asymmetrical BTCs for Cd in Spodosol and Oxisol
soil which may be due to sorption-related (chemical) nonequilibrium behavior.
Another study by Pang et al. (2002), on the effects of pore-water velocity on chemical
nonequilibrium of single metal systems of Cd, Zn, and Pb through alluvial gravel
columns showed that the BTCs of each metals can be fitted using the two-site model.
According to column studies with different secondary metals in this study, the TSM
fitted the rising and the declining limb of the breakthrough curves of heavy metals
(Figures 5.4 (b) - 5.15 (b)) better than the equilibrium assumption. Applying the #-test
on the average SSEs obtained from the chemical nonequilibrium two-site model and
the convection-dispersion model with Langmuir isotherm for individual metals in
binary and multi-metal systems, it was found that the curve-fitted results of the
chemical non-equilbrium two-site model were significantly different from the
equilibrium convection-dispersion model for pH 4 and 5 (z-test, P < 0.05), indicating
that the fitted values by chemical nonequilibrium two-site model presented a better
agreement with the experimental results (statistically significant, P < 0.05) than the

equilibrium convection-dispersion model (see Appendix D).

For the sake of comparison, according to the best fit parameters from the

two-site model (TSM), the maximum sorption capacity of Pb**, (Omax)ps>*, in the
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single system had the highest sorption capacity than to those in the binary and

multiple metal systems (Figures 5.16), which is in agreement with the retardation
factors and average sorption capacity of Pb*" in single system over those in binary and
multi-metal systems as mentioned in the section 5.3.2. Figure 5.16 plots the
(Q",ax)pbz * from the TSM versus the concentrations of the secondary metals. With
increasing concentrations of the secondary metals in binary and multi-metal systems,
the maximum sorption capacity of Pb*", (Oma)ps- ", decreased with respect to the
maximum sorption capacity of Pb?" in the single system. For example, in Pb*"-Zn**
system, the maximum sorption capacity of Pb>* for 0 mM Zn*" statistically different
than the maximum sorptioin capacity of Pb>" for 3 mM of Zn**. When the
concentration of Zn?* was more than 3 mM, the maximum sorption capacity of Pb**
showed decreasing trend but was not siginificantly different from the maximum
sorption capacities of higher Zn** concentration. This was in agreement with
decreasing retardation factors of Pb?* as affected by concentration of Zn** as

mentioned in section 5.3.2.

The fraction of the instantaneous equilibrium site (f) of all metals for the
lateritic soil was consistently in the range of 30 to 58 % of the total sorption sites for
both binary and multi-metal system which was similar to that of the instantaneous site
in single metal system. Since each metal in binary and multi-metal systems was fitted
individually, the fractions of the instantaneous site of 1* and 2" metal of each system
derived from modeling were expected to be in the same range (Table 5.3). The fairly
similar fraction of the instantaneous sites for single and binary system is in agreement
with the study by Schwarzenbach and Westall (1981), which indicated that the
fraction of instantaneous site (f) would be dependent on pore velocity for a chemical
nonequilibrium process. Therefore, under similar pore velocity conditions in this
study for single or binary system, the fraction simultaneous sorption site (f) should be

similar.

The TSM correctly explained the early tailing of the asymmetrical portion of
heavy metal BTCs under both binary and multi-metal systems (Figure 5.4 (b) -5.15
(b), but slightly overestimated the extended tailing of heavy metals. This was
probably due to the rate of sorption/desorption which could not be described by a

first-order rate constant (Connaughton et al., 1993; Selim, 1999) or more than one
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type of kinetic rates are needed in addition to the instantaneous sorption sites. Selim

(1999) observed that the sorption/desorption behavior of Cu** for a McLaren soil
showed hysteresis behavior or nonsingularity at high concentration, indicating this
behavior could not be explained using first-order rate constant. Drillia (2005) found
that soil with little organic matter, but with strong sorption hysteresis, might be
described by a slower reversible or even an irreversible process that is not included in
two-site model used in this study. In addition, the extended tailings might be
controlled by mass transfer diffusion that was not accounted for in the two-site model,
(Beigel and Pietro, 1999). Since the column studies do not provide information on
hysteresis and/or mass transfer, further separate experimentation are required to more

precisely model and predict of heavy metals transport through this soil (Seuntjens et
al., 2001; Pang et al., 2002).
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Figure 5.16 Maximum sorption capacity, Omax, of Pb?* with increasing initial

concentration of 2" metal in binary and multiple metal systems
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5.4 Conclusion

Based on the breakthrough times of Pb** in single metal system, Pb?* was
found to be retained in lateritic soil more than the other metals (Zn?*, Ni**, and Mn2+),
resulting in retardation factors and averaged maximum sorption capacity that are
higher than the other tested metals for single, binary and multi-metal systems.
However, due to the presence of other metals (Zn2+, Ni2+, and Mn2+) in the binary and
multi-metal system, competition for available sorption sites resulted in decreasing

maximum sorption capacity of individual metals for both binary and multi-metal

system.

Use of local equilibrium convection-dispersion model with linear and
Langmuir isotherm did not describe the rising and declining limbs of metal
concentration in binary and multi-metal systems. The more complex model, two-
site model (TSM) described the rising limb and initial declining limb well but could
not explain the extended tailing phenomenon. This might be due to the rate of
sorption/desorption from the sorption sites which may not be described by a first-
order rate constant or there may be more one type of sorption/desorption kinetics that
needs to be considered in addition to the instantaneous sorption sites. The curve-fitted
results of the TSM chemical nonequilibrium two-site model for individual metals in
binary and multi-metal systems were found to be statistically different from the results
of the equilibrium convection-dispersion model indicating that the TSM presented a
better agreement with the experimental results (statistically signiﬁcantly; P < 0.05).
These results reinforce the necessity of using transport models and proper parameters
to predict heavy metal transport more accurately in field condition and more
efficiently in selecting the appropriate strategies in remediation/monitoring the heavy

metal contaminated site.





