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ABSTRACT

The purpose of the investigations was to evaluate the reactivity efficiency of mineral
(Cement - Cem), organic (Brown Coal - BC) and mineral-organic (Cement + Brown Coal
as Cem/BC) components on the remediation process of Pb at a metallurgically
contaminated site. The Cem/BCs consisted of 8 different Cement to Brown Coal ratios
(i.e., 90/10; 80/20; 60/40; 50/50; 40/60; 30/70; 20/80; 10/90). The specific reactivity as
well as the remediation process were assessed throughout:

e extractability of exchangeable and bioavailable forms of lead

e evaluation of changes of the cation exchange capacity (CEC) and buffering
properties

o development of concept-based Dynamic and Potential Risk Assessment
parameters.

The soil (sandy, pHkci = 4.5 and pHu20 = 5.1) used for the study was collected in the
vicinity of a Smelter (Miasteczko Slaskie, Poland). Cement, Brown Coal and Cem/BCs
were applied at four rates i.e., 0, 0.5, 1.5 and 3.0% on dry weight basis. Soil samples and
incorporated sorbents were incubated over 16 weeks at 80% soil water holding capacity
and 20-22°C. Data have shown that the incorporation of Cement has led to a significant
raise of the soil pH (up to 7.6), whereas the Brown Coal did not exert any marked

“Corresponding Author address Email: Jeandiatta63@yahoo.com



142 Jean Diatta and Witold Grzebisz

influence on the soil pH. The Cem/BCs displayed a greatest efficiency in treatments with
a higher share of Cement.

Exchangeable and bioavailable Pb forms were extracted by 1 mole CH3COONH,
(pH 7.0) and 0.10 mole NaNOs; dm?3, respectively. The latter ones decreased with
increasing sorbents rates. The remediation of Pb in contaminated soils depended on
several factors such as soil physical and chemical properties, the type and the specificity
of sorbents. For Cem and Cem/BCs with greater share of Cement, pH exerted the
decisive role. In the case of Cem/BCs with greater share of brown coal, pH played a
secondary role.

The choice of the remediation process should consider the type and specificity of the
sorbents, but also the methodology for evaluating their reactivity and efficiency. The case
of Pb has outlined the feasibility of the concept and its successful settlement.

Keywords: contamination, Pb, cement, brown coal, reactivity, remediation, risk assessment,
sorbents

INTRODUCTION

Lead (Pb) occurs naturally in all soils at concentrations ranging from 1.0 to 200 mg kg™,
with a mean of 15.0 mg kg (Zimdahl and Skogerboe, 1997; Kabata-Pendias, 2001). The
ubiquitous nature of Pb in urban as well as arable areas is a result of human activity (since the
bronze epoch), industrial emissions, sewage sludge and municipal composts disposal, and the
past widespread use of alkyl-lead compounds as antiknock additives in gasoline, Pb-based
paint and pipes (Gaweda, 1991; Callender and Rice, 2000; Chirenje et al., 2004).

According to the Agency for Toxic Substance and Disease Registry and the U.S.
Environmental Protection Agency priority list of hazardous substances (USEPA, 2001b), lead
is one of the priority hazardous metal contaminants of the environment and is considered to
have a negative effect on the quality of food and fodder, since it may cause clinical problems
in animals and human beings. Pollution of soils by lead compounds is increasing in a daily
basis due to industrialization and urbanization pressure.

It was estimated that in the 90’s the global yearly technogenic emission of lead varied
from 1.95 to 2.45 106 ton. Of this amount, about 950 10° tons of lead entered soils with
atmospheric precipitations, chemicals and pesticides 292 102 tons and with coal dust and slag
143 10° tons. The average global modulus of technogenic lead input to soils is evaluated at
6.37 kg km (6.37 mg m=), annually (Glazowskaya, 1994), whereas the world average lead
content amounts to 35.0 mg kg (Yanai et al., 1998).

Lead in soils becomes an environmental concern when its content is high enough to affect
human health and the environment as well. The USEPA (1996, 2000) has set up a soil
screening level of 400 mg kg, which can be used as Preliminary Remediation Goals that
provide a reference point for establishing site-specific cleanup levels. Most lead compounds
are characterized by markedly low solubility, so the danger of accumulation and persistence
of technologically generated lead in soils is extremely high and still deserves more attention.

Large areas are still being contaminated by lead compounds. These zones are by nature
fertile and still remain a basis of food production. The physical and chemical feature of lead
reactivity and persistence in soils is attributed to its high attraction by mineral and organic
soil colloids as well as to its solubility. The solubility product (Ks,) values of some Pb
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compounds is low, but respectively to the counter ion, as follows: Ks, for PbCOs = 1.5 x 10°
13: Ksp for PbS = 1 x 10%° (Chang, 1986). In a study of lead contaminated soils by USEPA
(2000), lead sulfides/sulfates exhibited relatively low bioavailability (<25 percent
bioavailable) compared to lead carbonates (>75 percent bioavailable). On this basis, lead
carbonate may pose a potential health concern to biological systems, due to its high
bioavailability. This implies that Pb bioavailability is basically determined by its chemical
state in the soil.

Since most lead reactivity processes and mechanisms proceed via exchange reactions or
chemisorption, therefore it should be expected that there will be direct interactions between
Pb and the soil sorptive complex (Gaszczyk and Paszko, 2000; Diatta, 2006). The course of
this phenomenon is closely related to the level of lead input and to the “stability” of soil
colloids, expressed by the changes of the cation exchange capacity and buffering properties.

A new concept based on the formulation and application of cement and brown coal
compoments for mitigating the detrimental effect of lead in contaminated soils was suggested
in the current study. Such practical approaches, supplemented by environmental monitoring
are intended to prime new agro-environmental tasks.

METHODS

1. Localisation of the Soil Sampling

The sampling area is located within the impact zone of the Miasteczko Slaskie Zinc-Lead
Smelter, (N 51°41°03”” and E 15°57°12"°, Poland) whose activity started since 1966. This
zone is surrounded in the north, west and east by a large Lubliniec Forest complex, and in the
southeast by the localities of Zyglin and Zygliniec, quarters of the Miasteczko Slaskie. A
population of pine as part of artificial restoration, mainly of mixed forest, sporadically mixed
wood grows in the impact zone.

2. Physical and Chemical Analysis

Ten soil samples (3.0 kg each) were collected randomly at the depth 0-30 cm and mixed
thoroughly to form the representative soil sample (ca 30 kg) used for the current study. Prior
to physical and chemical analysis, the soil was air-dried and passed through a 2.0 mm
polyethylene sieve. Granulometric composition was determined by the areometric method
(Soil Survey Staff 2009), whereas organic carbon (Cog) by the Tiurin wet oxidative
method as reported by Wang et al., (2012). Soil pH at soil/solution ratio of 1:5 (0.010 mole
CaCl, dm) was determined potentiometrically using a pH-meter (Polish Standard, 1994).
The effective cation exchange capacity (CECe) was obtained by summation of 1 mole
KCI-dm extractable acidity (EA) and exchangeable alkaline cations (Ca?*, Mg?*, K* and
Na*) extracted by 1 mole CH;COONH,-dm (pH 7.0) as described by Hazelton and Murphy
(2007), and Aprile et al., (2012). The data are listed in Table 1.

Total content of Pb (Pbrs) was determined after digestion in aqua regia mixture
(Taraskevicius et al., 2013), (Table 2). Exchangeable (Pbexch) as well as bioavailable (Pbgio)
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lead forms were assayed by 1 mole CH3COONH.-dm= (pH 7.0), (Aprile et al., 2012;
Hazelton and Murphy, 2007) and 0.10 mole NaNO3-dm™ (Gupta, Hani 1989), respectively.
All performed chemical tests were run in duplication and Pb as well as other elements were
determined by the FAAS method (Flame Atomic Absorption Spectrophotometry, Varian 250

plus).

Table 1. Selected physical and chemical properties of the soil

Sand Silt Clay pH CEC
2.0- 0.02-0.002 | <0.002 Corg-
0.02 mm mm mm H.0 CaCl, cmol kg
g kg*
790 ] 120 | 90 | 73 5.1 48 3.0

Table 2. Lead (Pb) total content, exchangeable and bioavailable
fractions of the soil

Total Pb (Pbrot)
mg kg™
557.5

| Exchangeable Pb (Pbexcn) | Bioavailable Pb (Pbaio)

| 123.6 | 2.69

3. Cement (Cem), Brown Coal (BC) and the Composition of
the Cem/BC Components

Cement is a popular material used in for building. It consists of grinded clinker (50-65%
3Ca0-SiOy; 20% 2Ca0-SiOy; 10% 4Ca-Al,03-Fe;03; 10% 3Ca0-Alx0s), (Neville 1977) and
gypsum. Once incorporated into the soil, it raises the pH, due to the high content of calcium
oxides. Furthermore the aluminum, iron and silicon compounds enhance the potential
capacity for metals sorbing. Brown coal came from the Konin Brown Coal Company
(Poland). The chemical compositions of both materials used in the current study are listed in
Table 3 for cement and Table 4 for brown coal.

The cement-brown coal based components namely Cem/BC wereas obtained by properly
mixing cement and brown coal at different ratios as shown in Table 5.

Table 3. Chemical composition of the cement (Cem), (Neville 1977)

H Ca0 | SiO2 | Al20s | Fez0s
PR(H20) %)
131 64.5 | 22.0 | 4.8 | 22
" (Diatta and Grzebisz, this chapter).
Table 4. Chemical composition of brown coal (BC)
pPHH20) Corg. | Niot C:N
gkg*
6.3 448 | 3.7 121
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Table 5. Elaboration of specific Cem/BC components at different cement (Cem)
to brown coal (BC) ratios

Cement (%) Cem/BC (%) Brown coal (%)
100 0 0
90 90:10 10
80 80:20 20
60 60:40 40
50 50:50 50
40 40:60 60
30 30:70 70
20 20:80 80
10 10:90 90
0 0 100

4. Experimental Design and Incubation Process

The components Cem/BC have been incorporated into the contaminated soil (1.0 kg) at
the rates 0, 0.5, 1.5 and 3.0% (dry weight basis). The same applied for cement alone (Cem) as
well as brown coal (BC), which were also added at rates as reported above. All treatments
were replicated three times, kept moist at 75% FWHC (Field water holding capacity) and
incubated for 14 weeks at 20 + 2°C. Soil samples collected at the end of the incubation period
were analysed as described in the sub-section “Physical and chemical analysis”.

5. Risk Assessment — Kg and Pb Mobility

The Risk Assessment distribution parametr (RAkqd) expresses the behaviour of
contaminants at the solid phase - solution soil interface. Also, its helps predicting the mobility
of metals within the soil compartment and the extent of their transfer to groundwater (Carlon
et al., 2000; 2004). The evaluation of Pb chemical changes after the incorporatrion of the
cement, brown coal and particularly the Cem/BC components requires a progressive approach
suggested by the Authors (this Chapter):

1. Dynamic Risk Assessment distribution parametr (modified after Carlon et al., 2000;
2004)

D-RA, = EEW Eq. 1
Bio

2. Potential Risk Assessment distribution parametr (Diatta and Grzebisz, this chapter)

P
P_ RAKd — PbbTot Eq 2
Exch.
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where,

e D-RAkg and P-RAkqd: Risk assessment (RA) distribution coefficients (Kq) expressing
the capacity of the soil for regulating the concentrations of bioavalilable (Dynamic)
and exchangeable (Potential) fractions of Pb, respectively (dm3/kg)

e Pbro: Total Pb content in he soil (mg/kg)

e Pbgj, and Pbech: concentrations of bioavailable Pb - extracted with 0.01 mole
NaNO; dm= and exchangeable Pb - extracted with 1 mole CH;COONH, dm, pH
7.0, (mg dmg).

Calculations and illustrations were performed by using the Statgraphics® software and
Excel® sheet facilities.

DATA EVALUATION

1. Soil pH as Indicator of Cement, Brown Coal and Cem/BC Reactivity

The soil used in the study was characterised by a high content of the sandy fraction with a
simultaneously low level of organic carbon amounting to 7.3 g kg?, (Table 1). These
properties along with soil pH were the fundamental factors significantly affecting buffering
capacities represented by the cation exchange capacity (CEC). Moreover, the acidic nature of
the soil environment may have been directly influencing the normal plant growth, which also
was additionally subjected to the direct impact of Pb (Table 2). The high concentration of the
exchangeable fraction (Pbex), i.e., 123.6 mg kg was the proof of the slight Pb retention by
the soil. It should be mentioned that, this fraction represented 22% of the total Pb content,
creating thus a potential threat resulting in enhanced mobility. On the other side, the
bioavailable fraction (Pbgic) expressing the direct toxicity risk, amounted to 2.69 mg kg*
(2.2% of Pbgych).

The unfavorable soil physical and chemical characteristics assumed, that the remediation
of this ecosystem should focus on the improvement of soil pH and supplementation with Ca
via additions of calcium-bearing materials. Next, the formation of the new geochemical
equilibrium should consider the incorporation of organic matter, whose reaction with calcium
and sand fraction will significantly improve the soil structure. This is operationally important
for a further revitalization of this site.

The concept formulated in this research as well as the expected outcomes should rely
basically on the physical and chemical characteristics of the sorbents (Table 3 for cement;
Table 4 for brown coal). The latter ones exhibit contrasting features: mineral compound —
characterised by highly alkaline pH (13.1) and 64.5% CaO and organic compound — high
Corgcontent (448 g kg'). The implementation of this contrast was the key solution for
elaborating the cement — brown coal based components, operationally designated as Cem/BC
(Table 5).
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Figure 1. Influence of cement (Cem) and brown coal (BC) applied at the rates 0, 0.50, 1.50 and 3.0% on
pH of the soil.

The gradual increase of soil pH (Figure 1) was strictly related to the rate of the cement,
but much more specifically to its high pH. The raise of pH as compared to the control
treatment was 23, 39 and 49% for the rates 0.50, 1.50 an 3.0%, respectively. Quite no pH
changes have been observed for the brown coal treatments, even at the high rate. This could
be expected, since the pHw2o of the brown coal was 6.3 with respect to the soil pH, leveled at
5.1.

The reactivity of the Cem/BC compoments in the soil environment is are visualised by
illustrations reported in the Figure 2 for the rates 0, 0.5, 1.5 and 3.0%. When referring to the
Cem/BC 50/50, consisting of 50% Cem and 50% BC, it comes out, that pH at the 60/40 as
well as 40/60 ratios was kept quite unchanged and depended solely on the rates of applied
Cem/BC. This finding is of prime value in terms of economical planning in one hand and
environmental remediation on the other hand, since it allows a flexible handling of cement
and brown coal. The second similarly important reference should be oriented to the mean pH
values (6.2, 6.7 and 7.1, for the rates 0.5, 1.5 and 3.0, respectively) for the particular
treatments, within the range 90/10 - 10/90. A simple discriminatory approach showed, that
control treatments and the Cem/BC 20/80 as well as 10/90 exhibited lower pH values as
compared to the means. These components may not be sufficiently efficient in the
remediation process.
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Figure 2. Changes of pHu2o as influenced by the incorporation of Cem/BC components at the rates 0,
0.50, 1.50 and 3.0%.
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2. Changes in the Buffering Properties (CEC) of the Soil as Induced by
Sorbents

The specific reactivity of Cem/BC components and the resulting geochemical changes
are integrally related to buffering mechanisms, which control and regulate cation and anions
behavior in the soil. This statement applies also strictly to the current study, where the cation
exchange capacity (CEC) is the core factor. Since the Cem/BC components differed
marquedly in their composition, therefore the expected soil changes could be varied. Hence,
the need for elaborating CEC ranges for a targeted assessment of the post effects of Cem/BC
application. The CEC ratings suggested by Hazelton and Murphy (2007) were used for this
purpose: CEC < 6 (Very low); 6 < CEC < 12 (Low); 12 < CEC < 25 (Moderate); 25 < CEC <
40 (High) and CEC > 40 (Very high). On this basis, data listed in Table 6 may be grouped
within three classes: 0.50%-CEC: very low to low; 1.5%-CEC: low to moderate; 3.0%-CEC:
moderate. The high CEC classe was not reached, implying that the build up of strong
buffering mechanisms is a matter of not only pH, CaO and organic matter content.

The control treatment was characterised by a significantly low cation exchange capacity
(CEC), whose value amounted to 3.0 cmolw) kg?. This was due to the granulometric
composition, where the sandy fraction prevailed and also the pH acidic. Cement (Cem)
exerted the greatest role in the raise of the CEC. With its incorporation into the soil at the rate
0.5%, the CEC stabilised at 9.4, and increased progressively to reach 15.2 and 19.9 cmol)
kg? at the rates 1.5 and 3.0%, respectively. Brown coal (BC) played a weakest role in the
alteration of the CEC. Its application to the soil gave sligh effect with CEC representing 3.5,
5.0 and 6.5 cmol+) kg for the respective rates. Finally, it should be mentioned, that CEC
changes resulting from the soil incorporation of Cem and BC followed the ratio 1/3, i.e., 1
rate of 0.50% Cem generated the similar CEC as 3 rates of 0.50% BC. The following rates 1.5
and 3.0% behave proportionally.

Table 6. Changes in the cation exchange capacity (CEC) after
the application of cement (Cem), brown coal (BC) and Cem/BC compoments to Pb-
contaminated soil

Cem/BC Cem BC

CECI0 r5ormo ‘80/20 ‘60/40 ‘50/50 ‘40/60 ‘30/70 ‘20/80 ‘10/90 100/0 | 0/100
0.50%

3.0 ‘8.6 ‘8.6 ‘7.2 ‘5.9 ‘6.1 ‘5.7 ‘5.5 ‘4.4 ’9.4 ’3.5
1.5%

E 3.0 ‘16.0 ‘15.1 ‘15.1 ‘13.3 ‘11.7 ’11.6 ’9.5 ’7.4 ’15.2 ’5.0
= [3.0%

g 3.0 ‘22.3 ‘20.6 ‘19.4 ‘19.1 ‘18.3 ‘16.0 ‘13.5 ‘11.7 ‘19.9 ‘6.5

When taking into consideration Cem/BC components with the highest share of cement,
i.e., 90/10, we observed at the rate 0.50%, a net increase of CEC to the level 8.6 cmol) kg
(Table 6). This value was twice that obtained for the Cem/BC with the prevalence of BC
(10/90) and amounted to 4.4 cmol+) kg™. In the case of the rate 1.5 and 3.0%, the CEC values
for the Cem/BC 50/50 were 13.3 and 19.1 cmol+) kg™, respectively to rise up to 16.0 and 22.3
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at the proportional 90/10 ratios. The highest share of brown coal (BC) led to a significant
decrease of the CEC values, which in turn changed quite arythmetically with the Cem/BC
rates.

The CEC values recorded at the Cem/BC 50/50 may be considered as references for all
components. They are also of practical and technical utility, due to the simplicity in their
formulation. Next, the evaluation of geochemical changes induced by the incorporation of
these components may be performed also by using the mean values for the range 90/10 —
10/90 at each respective rate. They varied as follows: 6.5 £ 1.5, 12,5 + 3.0 and 17.6 + 3.6
cmol+) kg for the rates 0.50, 1.50 and 3.0%, respectively. These CEC mean values are close
to the Cem/BC 50/50, i.e., 5.9, 13.3 and 19.1 cmol+) kg™. This implies that, CEC changes
resulting from the the soil incorporation of Cem/BC components may be properly evaluated
by the consideration either of 50/50 or mean values of the particular Cem/BCs.

3. Bioavailable Pb (Pbgio) Concentrations — Efficiency of Cem/BC
Reactivity in the Soil

The heterogenic nature and structure of the soil solid phase results in the fact, that the
reactions of Pb with soil particles are complex and depend on multiple factors. When Pb in
the soil solid phase occurs as easily leachable, therefore it can be described as “bioavailable”,
whereas the non-leachable fraction should be termed “nonbioavailable” (Gupta et al., 1996;
Basta and Gradwohl, 2000). Metal extraction techniques, that mimic biological processes
might in theory provide accurate estimates of bioavailability (Houba et al., 1996).

The current study has basically focussed on the bioavailable Pb fraction, which should
indicate the efficiency of Cem/BC reactivity in the soil. As shown in Table 2, this fraction
represented 2.2% of the exchangeable (Pbexcn) and 0.48% of the total (Pbrot) lead in the soil
before remediation trials. On the basis of the Pb threshold value (1.0 mg kg?) suggested by
Gupta and Hani (1989) and Gupta and Aten (1993) as reflecting microbial toxicity, it should
be observed (Figure 3), that only the treatment 0.50% BC was less efficient, since the Pbgio
concentration exceeded the threshold value by 20%. The consecutive rates, i.e., 1.5 and 3.0%
as well as all Cem treatments were much more efficient. Mean Pbgi, values calculated for the
Cem and BC treatments amounted to 0.56 + 0.13 and 0.84 + 0.33 mg kg%, representing 21
and 31% of the control, respectively.

Much more visible effects about changes in the bioavailable Pb (Pbgio) fractions after the
application of Cem/BC components are illustrated by the Figure 4, for the rates 0, 0.50, 1.50
and 3.0%. Practically, all tested components have developed specific efficiency expressed by
a slight or high reduction of the Pbgio.

The threshold value was not exceeded in any case, therefore the Authors (this Chapter)
have suggested a restrictive threshold (0.50 mg kg™), corresponding to % 1.0 mg kg. This
value has been used for evaluating the whole Cem/BC reactivity. The following ranges may
be set accordingly to the rates:

0.50%: 90/10, 80/20, 60/40 <0.50 mg kg™< 50/50, 40/60, 30/70, 20/80, 10/90
1.50%: 90/10, 80/20, 60/40, 50/50, 40/60, 30/70 <0.50 mg kg < 20/80, 10/90
3.0%: 90/10, 80/20, 60/40, 50/50, 40/60, 30/70, 20/80, 10/90 <0.50 mg kg
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Figure 3. Changes in the bioavailable Pb (Pbgi,) fraction as influenced by the incorporation of cement
(Cem) and brown coal (BC) at the rates 0, 0.50, 1.50 and 3.0%.
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Figure 4. (Continued).
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Figure 4. Changes in the bioavailable Pb (Pbgi,) fraction induced by the application of Cem/BC
components at the rates 0, 0.50, 1.50 and 3.0%.
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Figure 5. Relationships between pHpzo and bioavailable Pb (Pbgi) fractions in treatments with Cem/BC
components applied at the rates, 0.50, 1.50 and 3.0%.

In terms of reactivity, both rates, i.e., 1.50 and 3.0% exhibited quite similar efficiency,
but the rate 1.50% should be geochemically and environmentally friendly as well as
economically viable.

The successful remediation process observed when applying Cem/BC components was
basically related to pH as commented in the section 1. Soil pH as indicator of cement, brown
coal and Cem/BC reactivity. The relationships reported on the Figure 5 outlined the role of
pH, which was decisive at 70, 87 and 84%, respectively for the rates 0.50, 1.50 and 3.0% for
the decrease of Pb solubility. These trends indicate the raise in Cem/BC reativity, irrespective
of the ratio of cement to brown coal, but with a focus on those components, which generated
pH in the range 6.0 — 7.5.
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4. Direct and Potential Risk Assessment (RA) - Buffering Properties versus
Pb Mobility

Sorption and desorption of heavy metals, Pb among others, are closely dependent on
buffering properties of soils, where the interactions between mineral particles (silt, clay),
organic matter and pH determine the course and intensivity of Pb mobility (McBride, 1989).
Therefore, the ratio of the non-mobile to mobile metal fractions yields a geochemical
parameter (namely distribution coefficient, Kq), which expresses the potential lability and
dynamics of Pb under heterogenic soil conditions (Diatta et al. 2003).

According to the Authors (this chapter), the reactivity of Cem/BC compoments and the
resulting Pb behavior should be better described by taking into consideration the bioavalaible
(Pbgio) and exchangeable (Pbexcn) lead fractions expressed by the Dynamic (D) and Potential
(P) Risk Assessment (RA) Distribution Coefficient (Kg), respectively (Eg. 1 and Eq. 2). Data
calculated for the whole Cem/BC treatments are illustrated on the Figure 6 (Dynamic) and
Table 7 (Potential). High values of D-RAkq4 and P-RAkq indicate that Pb has been broadly
retained by the solid phase through sorption and retention reactions, while lower values
imply, that the metal remains in the solution, where it is susceptible to transfer to other
components or available to the flora and fauna.

The course-trends observed for the rates are similar, but the values differed decidely in
their magnitude. The overall Cem/BC evaluation based on mean D-RAkq values is
synthetically reported below:

0.50%: 90/10, 80/20, 60/40 > 1758.9 + 357.2 dm? kg™ > 50/50, 40/60, 30/70, 20/80, 10/90
1.50%: 90/10, 80/20, 60/40, 50/50 > 2572.8 + 441.3 dm?® kg* > 40/60, 30/70, 20/80, 10/90
3.0%: 90/10, 80/20, 60/40, 50/50 > 2862.7 + 503.3 dm? kg™ > 40/60, 30/70, 20/80, 10/90

From these ranges it appeared clearly, that 5 D-RAkq out of 8 did not exceed the mean
value in the case of the rate 0.50%, whereas for rates 1.5 and 3.0%, the mean values
discriminated two equal groups. The D-RAkq Vvalues varied proportionally to the rates and
with reference to the control treatment, the increase was as follows: 423, 619 and 689% for
0.50, 1.50 and 3.0%, respectively. The greatest changes operated at the levels 0.50 and
1.50%, implying that the latter one was the most effective in terms of assessing the risk of Pb
mobility and the resulting environmental threat. The risk assessment may be also performed
by using models expressing the relationships between the particular D-RAkq. For the purpose
of this study, two models have been elaborated as below:

D-RAKd (1.5%) = 1.12 -D-RAKd (0.5%) + 594.2, R2 =0.83 Eq. 3
D-RAKd (3.0%) = 1.38- D-RAKd (0.5%) + 440.6, R2 =0.96 Eq. 4

These relationships explicitly show, that the lowest Cem/BC rate, i.e., 0.50% may serve
as a an efficient tool for predicting remediation goals, since at least 80% of the process should
be well targeted.

The same applied for the Potential Risk Assessment distribution coefficient (P-RAka),
(Table 7), where exchangeable lead (Pbexcn) fractions have been used for evaluating not only



154

Jean Diatta and Witold Grzebisz

Pb behavior in the Cem/BC treatments, but specifically the basic remediation achievement.
By definition, this parameter defines the magnitude of the Pb fraction that “really” can
threaten the biota. The highest the P-RAkq value the lowest the mobility, and the lowest the
P-RAkq, the highest the mobility risk.

The P-RAkq data exhibited similar decreasing trends from the Cem/BC 90/10 to 10/90,
irrespective of the rates. This charactaristics was indicative of the occurrence of highly
developed buffering properties for the Cem/BC components with greatest share of Cem and
inversly. These relationships may be very significative for simulation and forecast studies, but
for soil remediation practitioners, particularly. The evaluation of the potential risk assessment
based on P-RAkq data should proceed as follows:

P-RAKd (15%) = 2.62 - P-RAkd (0.5%)- 39.8, R? = 0.94

P-RAKd (3.0%) = 2.56- P-RAkq 0.5%)+ 13.9, R?=10.80
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1850 -

1350 -
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1497,8,

415,7
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2181,7
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Figure 6 (Continued).

Eq. 5

Eq. 6
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Figure 6. Dynamic Risk Assessment (D-RA) values based on distribution coefficient (Kg) for the
treatments cement (Cem), brown coal (BC) and the compoment Cem/BC.

Table 7. Potential” Risk Assessment (P-RA) values based on distribution coefficient (Kq)
for the treatments cement (Cem), brown coal (BC) and
the compoment Cem/BC

& 0 Cem/BC Cem BC
2 90/10 | 80/20 | 60/40 | 50/50 | 40/60 | 30/70 | 20/80 | 10/90 | 100/0 | 0/100
E 0.50%
S| 410 | 819 | 714 | 66.6 | 628 | 595 | 489 | 475 | 46.7 | 80.9 | 40.8
g 1.50%
S| 410 [167.9] 14851352 | 1287 [ 1256 | 99.2 | 80.6 | 67.7 | 1505 | 4838
< 3.0%
S| 410 [2236 1964 [ 1787 [ 1735 [ 172.9 [ 171.8 | 130.3 [ 107.3 [ 222.6 | 64.4

* More details, see Eq. 2.

Contrarily to the D-RAkg, the Pbexn based P-RAkq parameter confirmed the high
remediation progostic value of the rate 1.5% for all Cem/BC components, since the
relationship was linearly reliable at 94%. The key role of cement in increasing the reactivity
of inerte brown coal is reflected by the very high coefficients of determination (R?) restricted
strictly to the Cem/BC components within the ranges 90/10 — 40/60. The generated models
were typically linear as observed for the Eq. 7 and Eq. 8:

P-RAKkd (1.5%; 9010 - a0/60) = 1.97 - P-RAkd (0.5%; 90/10 - a0/60) + 6.17, R?=0.988 Eq. 7
P-RAKkd (3.0%; 90710 - 40/60) = 2.42 - P-RAkd (0.5%; 90/10 - 40/60) + 23.6, R%=0.960 Eq. 8

At this level, the Pb (im)mobility risk assessment is fully convinceable for elucidating the
soil reactivity of the Cem/BC components.
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SPECIFIC COMMENTS

Heavy metal reactions with soils and the resulting changes in the soil as well as solution
phases have been a matter of large studies ((Vangronsveld and Cunningham, 1998; Carlon et
al., 2004). The latter ones have tried to elucidate the mobility of heavy metals, Pb among
others, in soils on the basis of soil properties [(particle size, pH, organic matter content (OM),
cation exchange capacity (CEC)] versus extractable metal concentrations (total and fractions
of the metal) considered as dependant variables (Sauve et al., 1998). On the other hand,
different dependent variables including sorption coefficients have been considered for
describing the relevant processes and mechanisms (Diatta 2002, Diatta et al., 2003, 2009).

One of the key value of the concept reported in the current study was to elaborate
mineral-organic components, where one is highly reactive (Cement) and the second one,
inerte (Brown coal). The purpose of the trials was to evaluate the reactivity efficiency of
mineral (Cement - Cem), organic (Brown Coal - BC) and mineral-organic (Cement + Brown
Coal as Cem/BC) components on the remediation process of Pb at a metallurgically
contaminated site. The Cem/BCs consisted of 8 different Cement to Brown Coal ratios (i.e.,
90/10; 80/20; 60/40; 50/50; 40/60; 30/70; 20/80; 10/90). The specific reactivity as well as the
remediation process were assessed throughout:

e extractability of exchangeable and bioavailable forms of lead

e evaluation of changes of the cation exchange capacity (CEC) and buffering
properties

e development of a concept-based Dynamic and Potential Risk Assessment parameters

Risk assessment procedures require an understanding of the (geo)mobility, in particular
the solubility of Pb. Therefore the application of distribution coefficients (Kq) was of basic
importance for predicting the behaviour of the whole system subjected to remediation
practices: Pb fractions, pH and CEC changes, specificity and role of the Cem/BC
components.

__»OH HOOCR «____
Cem—>0OH + HO-R+——=BC

Y OH H.N-R 7
sio, H.C-R

0 “O0C-R

v

/ oo + “oR \
SN CemBC
Cem — 0~ "HN-R +«—_ BC + ,H,0
\
sio. “H,C-R

Figure 7. Cement (Cem) induced deprotonation process of brown coal (BC) functional groups —
“Boosting” the reactivity of the BC (Concept by the Authors, this Chapter).
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The specific reactivity of these contrasting components is elucidated by the Figure 7. The
content of organic matter increased progressively along with Cem/BC rates, being higher in
the case of 3.0%. It should be mentioned that chemically, BC is mostly inerte and its
breakdown will proceed slowly due to the large C:N ratio (121:1). Based on this sole
characteristics, the application of brown coal and possible formation of organic acid - sand
conglomerates seems practically and hardly expectable. Therefore, the addition of cement
was intended to boost the emergence of charges originating from the functional groups via
enhancing the dissolution of fulvic and humic acids.

The latter ones exhibit significant affinity for heavy metals, particularly Pb among others
(Diring et al., 2003). In other words Cem/BC will provide the soil environment with
appropriate amounts of Ca (64.5% CaO in Cem) to rise the extremely low Ca level, of Si
(22.0% SiO; in Cem) as a binding-stabilizing agent. Brown coal (44.8% Corg in BC) in turn,
as a generator of fulvic and humic acids acting as mineral particles “sticking” material.

Organic matter incorporated into soils contain organic compounds of different molecular
weight and capacity for forming stable complexes with metallic cations (Pb among others) in
solution. These compounds are characterized by one or more functional groups (carboxylic —
COOH, phenolic — OH, and others), that exhibit negative charges, when fully dissociated
(Kumpiene, 2003). This process may be strengthened by the rise of pH induced by the
presence of cement, which in turn increases the surface charge of organo-mineral colloids via
deprotonation reactions (Davranche et al., 2003). Such chemical reactions consequently lead
to a significant decrease of Pb concentrations in the ambient soil solution and favor its
simultaneous mitigation (Appel and Ma, 2002).

This may be related to the emergence of high heterogeneity of Pb binding surfaces as a
result of interacting high amounts of Cem with BC. On the other hand, the power of soils for
generating negative charges (Bolan et al., 2004, Madejon et al., 2006) increased with BC
rates, where Cem shared for at least 40%. The role of organic matter as a potential “reservoir”
of functional groups, i.e., negative charges was detailed by these authors. Furthermore high
solution concentrations of H* directly interfere with Pb ions and reduce their attraction by soil
colloids.

The size of available Pb fractions and their environmental significance depend among
other factors on the chemical test applied during the extraction procedure (Diatta et al., 2009).
The analysis of bioavailable Pb (Pbgio) fractions implies, that their release to the ambient soil
solution was related much more to increasing BC rates than Cem. It has been reported (Appel
and Ma 2002), that metal reactions (Pb among others) with soil colloids proceed through
deprotonation reactions, which in turn tend to increase metal activity in the soil solution due
to H*-based secondary acidification. These conditions are expected under current
investigations since brown coal (pHw20 = 6.3) may decidedly favor such processes.

Theis Pbgi, fraction represents 2.2% of the exchangeable (Pbexch) and 0.48% of the total
(Pbrot) lead in the soil before remediation trials. On the basis of the threshold value (Pb — 1.0
mg kg) suggested by Gupta and Hani (1989) and Gupta and Aten (1993) to reflect microbial
toxicity, it should be observed, that only the treatment 0.50% BC was less efficient, since the
Pbgi, concentration exceeded the threshold value by 20%. The consecutive rates, i.e., 1.5 and
3.0% as well as all Cem treatments were much more efficient. Mean Pbgi, values calculated
for the Cem and BC treatments amounted to 0.56 + 0.13 and 0.84 + 0.33 mg kg?,
representing 21 and 31% of the control, respectively.
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Dynamic (D) and Potential (P) Risk Assessment (RA) Distribution Coefficients (Kg),
namely D-RAkq and P-RAkg, respectively (Eq. 1 and Eq. 2) described better the reactivity of
Cem/BC compoments and the resulting Pb behavior. High values of D-RAkg4 and P-RAkqg
indicate that Pb has been broadly retained by the solid phase through sorption and retention
reactions, while lower values imply, that the metal remains in the solution, where it is
susceptible to transfer to other components or available to the flora and fauna. The D-RAkqd
values varied proportionally to the rates and with reference to the control treatment, the
increase was as follows: 423, 619 and 689% for 0.50, 1.50 and 3.0%, respectively. The
greatest changes operated at the levels 0.50 and 1.50%, implying that the latter one was the
most effective in terms of assessing the risk of Pb mobility and the resulting environmental
threat.

The P-RAkq data exhibited similar decreasing trends from the Cem/BC 90/10 to 10/90,
irrespective of the rates. Contrarily to the D-RAkd, the Pbexh based P-RAkd parameter
confirmed the high remediation progostic value of the rate 1.5% for all Cem/BC components,
since the relationship was linearly reliable at 94%. The key role of cement in increasing the
reactivity of inerte brown coal is reflected by the very high coefficients of determination (R?)
restricted strictly to the Cem/BC components within the ranges 90/10 — 40/60.

CONCLUSION AND STATEMENTS

One of the key value of the concept reported in the current study was to elaborate
mineral-organic components, where one is highly reactive (Cement) and the second one,
inerte (Brown coal). The purpose of the trials was to evaluate the reactivity efficiency of
mineral (Cement - Cem), organic (Brown Coal - BC) and mineral-organic (Cement + Brown
Coal as Cem/BC) components on the remediation process of Pb at a metallurgically
contaminated site.

The reactivity of the Cem/BC compoments in the soil environment was strictly related to
the rate of the cement, but much more specifically to its high pH. The rise of pH as compared
to the control treatment was 23, 39 and 49% for the rates 0.50, 1.50 an 3.0%, respectively.
When referring to the Cem/BC consisting of 50% Cem and 50% BC, it comes out, that pH at
the 60/40 as well as 40/60 ratios was kept quite unchanged and depended solely on the rates
of applied Cem/BC. A simple discriminatory approach showed, that control treatments and
the Cem/BC 20/80 as well as 10/90 exhibited lower pH values as compared to the means.
These components may not be sufficiently efficient in the remediation process.

High values of the Risk Assessment parameters i.e., Dynamic (D-RAkq) and Potential (P-
RAkqd) indicate that Pb has been broadly retained by the solid phase through sorption and
retention reactions. The D-RAkq values varied proportionally to the rates and with reference to
the control treatment, the increase was as follows: 423, 619 and 689% for 0.50, 1.50 and
3.0%, respectively. The P-RAkq parameter confirmed the high remediation progostic value of
the rate 1.5% for all Cem/BC components, since the relationship was linearly reliable at 94%.

The choice of the remediation process should consider the type and specificity of the
sorbents, but also the methodolgy for evaluating their reactivity and efficiency. The case of
Pb has outlined the feasibility of the concept and its successful settlement.
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