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Abstract

The objective of this study is to enable a better understanding of the effectiveness of solidification/stabilization (S/S) technique in treating
polluted sediment, and provide the much needed validation of the longevity of the technology. Inthisresearch kaoliniteand montmorillonite,
with a certain proportion of lime, were used for S/S treatment of sediment polluted with metals. Leachability of metals was examined
using the toxicity characteristic leaching procedure (TCLP) and the German standard leaching test (DIN 3841-4 S4) prescribed in national
legislative. Results indicated successful S/S treatment using both clays and lime, from the aspect of all leached metals even with pH
variations over time and slight changes in structural integrity of specimens. X-ray diffraction (XRD), scanning electron microscope (SEM)
analyses and porosity measurement were also performed on the prepared monolithic matrices. XRD qualitative and semi-quantitative
analysis proved hydration and pozzolanic product formation with increase in their content and finer crystallites formation over time. SEM
analysis confirmed the presence of morphologically dense and stable structures while pore size distribution indicated on mesoporous
matrices with ongoing compaction over time. Generally, structural microanalysis indicated the formation of hardened matrices over time
and hydration process has been fully completed and further carbonation took place. Unconfined compressive strength measurement
gave the satisfying results and matured monolite with 30 % of montmorillonite and 10 % of lime can be considered potentially applicable
as non-load-bearing material. In summary, all results indicated that this kind of S/S treatment can achieve satisfactory durability and
represent reliable and economically feasible technique for long-term remediation of metal polluted sediment.
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1 Introduction

Stabilization/solidification (S/S) technologies are widely
used for treatment of hazardous wastes that are mostly
inorganic and contaminated soils and sediments before
their final disposal [1-3]. Wang et al. [3] used Portland
cement, lime and coal fly ash for heavy metal polluted
sediment, while Tomasevic et al. [2] used fly ash in com-
bination with kaolinite for Ni and Zn polluted sediment.
Modified zeolite effectively stabilized Pb, Cu, Zn and Cd
in lake sediment to different extents [4]. Stabilization of
Cu, Zn, Cd, Hg, Cr and As in soil using modified ben-
tonites was performed by Yu et al. [5]. Bentonites mani-
fested distinct immobilization effectiveness towards var-
ious metals, proving that main interactive mechanisms
proceeded via cation exchange, but also via physical

adsorption and partitioning, Additionally, Liu et al. [6]
reported satisfying S/S treatment of heavy metal contam-
inated soils, and further investigated different influences
on treatment efficiency. These technologies use different
immobilization agents in treating waste due to their abil-
ity to provide chemical stability and physical strength.
Suitable binding agents are selected for specific areas and
contaminants based on a set of criteria, which are mainly
dependent on the characteristics of the end products as
well as the set goals and possibilities. The commonly used
binders include Portland cement, lime, pulverized fuel ash
(PFA) and clays [7-10]. Lime (CaO) as the main stabiliz-
ing agent is used as it is cheaper than cement and calcium
hydroxide and the heat of hydration results in an increased
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reaction rate. After adding calcium oxide to contaminated
sediment, as with cement, three immobilization mecha-
nisms are possible: chemical incorporation, encapsulation
and sorption, or most common precipitation, inclusion
or sorption [11-12]. Clays and modified clays, containing
additives for the control of clay hydration, can be used for
the treatment of waste as secondary agents. Chemical sta-
bilization is due to adsorption, chemisorption or incorpo-
ration into the crystalline structure of the mineral agent.
Clays play an important role in the environment because
they represent the natural “sponge” of pollutants, binding
their cations through ion exchange or adsorption. These
ions can be replaced relatively easily without affecting
the mineral structure of the clay. Large specific surface,
chemical and mechanical stability, layered structure, high
cation exchange capacity and other properties make clay
excellent adsorbents [13]. Kaolinite and montmorillonite
are the two most commonly used clays for adsorption of
metals but also other pollutants [14]. The applications of
kaolinite, (Si,)"V(Al,)"'O,,(OH),, a widely used industrial
clay raw material, depend on its surface reactivity. The
main mineral component consists of layers held together
via H-bonds. Each layer consists of a two-dimensional
arrangement of Al-centered octahedral and a two-dimen-
sional arrangement of Si-centered tetrahedral [15-16].
Montmorillonite (Si, Al ,)"V(Al, Mg, )'O, (OH), con-
sists of two tetrahedral structures with a central alumi-
num octahedral grid. The tetrahedron and octahedral
grids are combined so that the edges of the tetrahedron
of each silicon grid and one of the octahedral structures
of the hydroxide form a common envelope. The atoms in
this envelope that are common to both grids are oxygen
ions [14]. The concrete—montmorillonite interactions, and
more general, concrete—clay interactions, have been stud-
ied as part of the expected geochemical reactions occur-
ring within the composite engineered barriers in high-
level radioactive waste in deep geological repositories.

However, long-term effectiveness of S/S treatment is
essential in addressing issues related to the strength, the
buffering capacity, and the leachability of S/S treated mate-
rials and it is used to validate the remediation process and
hence convince stakeholders of its longevity [17]. Hence,
it is very important to understand the contaminant immo-
bilization mechanisms involved in the binding within S/S
materials so as to further improve this technique.

The long-term result of such interactions has to be eval-
uated in order to tackle the impact on the mineralogical
and physical-chemical properties at the interface of both

materials that could compromise their safety functions in
the long-term [18-19].

The effectiveness of the long-term chemical perfor-
mance of S/S treatments is usually assessed using batch
leaching tests. Batch leaching tests with a single extraction
are the preferred choice for regulatory assessment due to
their simplicity, improved reproducibility, and shorter
time requirements. Serbian legislative also uses the
Toxicity Characteristic Leaching Procedure — TCLP and
DIN 3841-4 S4 complementary procedure for the evalua-
tion of waste characteristics.

In this study sediment samples were collected from the
Great Backi Canal (Vojvodina, Serbia). The canal began
to be more intensively polluted at the end of the 20th cen-
tury. Most of the industries discharged untreated or par-
tially treated wastewater into the canal. The total organic
pollution from industry is 36.6 t COD/day or 17.9 tBOD,/
day and from municipal wastewaters 1329 kg COD/day or
619 kg BOD /day. Due to the high pressure from the waste-
waters in the canal, along a 6 km stretch about 400,000 m*
of sediment has been formed. The canal is about 3 m
deep, with the sediment varying in depth from 1 to 2.5 m,
depending upon the point of wastewater discharge [20].

The main study objectives can be summarized as fol-
lows: (1) characterization and classification of sediment
from Great Backa Canal from the aspect of metal content,
(2) defining S/S treatment of polluted sediment with the
addition of clays and lime, (3) evaluation of the long-term
effectiveness of S/S treatment by assessing the leaching
potential and environmental impact based on the different
leaching procedures TCLP and DIN 3841-4 S4, after dif-
ferent periods of maturation (7 and 28 days and 7 years),
(4) microstructural analyses including X-ray diffraction
(XRD) and scanning electron microscopy (SEM) to assist
with the chemical speciation of the metals, (4) specific sur-
face area and porosity characterization of treated samples
and unconfined compressive strength measurement.

2 Materials and methods
Sediment composite sample was taken from Great Backa
Canal. The Great Backa Canal represents the main artery
of the whole hydrosystem in Backa, Serbia. Today, Great
Backa Chanal represents an ecological black spot due to
the concentration of pollutants, both in water and sediment.
In this paper two types of clay minerals and lime were
used for S/S treatment of polluted sediment. Kaolinite
was obtained from Sigma-Aldrich, Germany, and mont-
morillonite from Bento product d.o.o. Sipovo, Bosnia



and Herzegovina. Lime was purchased from lime factory
Zagradje, RTB Bor, Serbia. Chemical composition of used
immobilization agents is presented in Table 1.

The pseudo-total metal content of the sediment was
determined in a dried sediment sample, by using aqua
regia - (HCI:HNO,=3:1), digested by the EPA 3051a [21]
microwave digestion method (Milestone, Star E). Then the
samples were analyzed by flame AAS technique (Perkin
Elmer AAnalyst™ 700) on the total metal content in
accordance with the procedure EPA 7000B [22].

The pseudo-total metal content, representing the sum
of acid-soluble, reducible, oxidizable and residual fraction
[23], in the native sediment sample is shown in Table 2 and
the quality of the sediment is compared with the values
prescribed in Regulation on limit values of pollutants in
surface and groundwater and sediment and deadlines for
their achievement (“Official Gazette RS”. 50/2012) [24].

This regulation includes several numerical values
among which target and remediation value. The tar-
get value is a lower value, the basic concentration below
which is known or assumed that the element/compound
does not affect the natural characteristics of the sediment.

Table 1 Chemical composition of immobilization agents

used for S/S treatment

Compound Kaolin Montmorillonite Lime
%
SiO, 459 58.9 /
ALO, 37.2 22.7 /
Fe,O, 3.34 4.83 /
MgO 1.40 1.40 /
CaO 0.250 1.85 99.0
K,0 0.140 0.240 /
Na,O 0.100 0.120 /
Loss of ignition 11.7 9.96 /
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The remediation value is a higher value, the maxi-
mum tolerable concentration above which remediation is
requested. In assessing the quality of sediment, the val-
ues for standard sediment are translated into values for
the actual sediment based on a certain content of organic
matter (measured as a lost percentage of mass after vola-
tilization, calculated over a dry mass of sediment) and clay
content (mass percentage of particles smaller than 2 mm).
Correction of analytically determined metal concentrations
was performed in order to be able to determine the sedi-
ment class according to the national legislation, because the
quality criteria are given for standard sediment with 10 %
of organic matter and 25 % of clay. Using the mathematical
model developed by DHV (Dwars, Heederik and Verhey),
the metal concentrations were first corrected to the standard
sediment and then classified according to the national regu-
lations. Finally, the quality of the sediment was determined
based on the parameter that was in the worst, highest cat-
egory, as the model foresees. The results shown in Table 2
indicate that polluted sediment corresponds to 4 or 4+ class
in relation to the tested metals and needs remediation.

2.1 S/S treatment
S/S treatment was performed by mixing dried sediment
(105 °C) with appropriate immobilization agents: kaolin-
ite, montmorillonite and lime. Specimens were desig-
nated by the capital letters K: kaolinite, M: montmoril-
lonite, and L: lime, followed by a number representing
percent weight of the given attribute. The S/S agent con-
tent was expressed as percentage of the total solids weight.
K30L10 sample was prepared using 30 % of kaolinite and
10 % of lime and M30L10 sample using 30 % of montmo-
rillonite and 10 % of lime.

Samples were prepared in the form of monolithic
cubes (3 £0.1) x (3 £0.1) x (3 £ 0.1) cm) by compaction

Table 2 Results of pseudo total metal content with classification according to Regulation on limit values of pollutants in surface and
groundwater and sediment and deadlines for their achievement (“Official Gazette RS”. 50/2012)

Measured value Corrected value

Target value

lassificati ing t
Remediation value Classification according to

Metals parameter
mgkg!
Cr 771.8 1335 100 380 4
Ni 416.6 1048 35 210 4*
Cu 4157 506.9 36 190 4
Zn 1291 1962 140 720 4
Cd 29.20 26.85 0.8 12 4
Pb 1969 2255 85 530 4

Class 0 — natural level in sediment , Class 1 — slightly polluted sediment, Class 2 — moderate pollution, Class 3 — heavily contaminated

sediment; Class 4 (4+)— extremely polluted sediment
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at optimum water content, defined as the water content
at which the sediment can be compacted to the maxi-
mum dry unit weight using modified compactive effort.
Typically, cohesive soils and sediments at the optimum
water content can be squeezed into a lump that barely
sticks together when hand pressure is released, but will
break cleanly into two sections when “bent”. The compac-
tion was performed according to ASTM D1557-00 [25],
providing a compactive effort of 2700 kNm m™. Samples
were cured at 20 °C in sealed sample bags and after 7 (7D)
and 28 days (28D) subjected to the different leaching tests
and further characterization. Mixtures were then left to
mature. Maturation was performed in controlled labora-
tory conditions, leaving the mixtures in contact with air
for seven years (7Y). In this way more relevant environ-
mental conditions, over much longer timescales, can be
tested. After this period matured mixtures were tested in
same manner.

2.2 Leaching tests

2.2.1 TCLP test (Toxicity Characteristic Leaching
Procedure)

TCLP tests include the extraction of the waste material
from 100 g sample placed in a 2-liter extraction vessel and
mixed with the extraction fluid. Initial tested pH of the
sample leachate was <5, so the extraction fluid # 1 (5.7
ml glacial acetic acid and 64.3 ml of 1 N NaOH in 1 liter
of water, pH = 4.93 + 0.05) was used. The samples were
extracted at a liquid to solid (L/S) ratio of 20:1 in capped
polypropylene bottles on a rotary tumbler at 30 rpm for
18 h. After 18 hours of stirring, the pH was measured in
the extract which was filtered after that through a mem-
brane (0.45 pum) filter [26]. The filtrate was then preserved
with nitric acid and then was analyzed for metal content
by using AAS (Perkin Elmer AAnalyst™ 700) technique
according to USEPA Method 7000B [22], (2007) and
USEPA Method 7010 [27].

2.2.2 The German standard leaching test - DIN 3841-4
S4 (DIN 3841-4 S4; 1984)

The German standard leaching test - DIN 3841-4 S4, uses
grained sample with particle size smaller than 10 mm [28].
Leaching is performed with deionized water at 10:1 L/S
ratio (1 kg-1), during the testing period of 24h. After shak-
ing the final pH value was measured and a sample was
filtered through a membrane (0.45 um) filter. After that,
the filtrate was preserved with nitric acid and then was
analyzed for metal content by using AAS (Perkin Elmer

AAnalyst™ 700) technique. Measurement of the pH val-
ues was carried out using a pH meter inoLab pH / ION
735 (WTW GmbH, Germany).Pseudo-total metal content
determination and leaching tests were applied to every
sample in triplicate. Mean values were used and the RSDs
(n=3) were below 5 %.

2.3 Sample characterization

To better understand metal immobilization and other
micro structural properties, X-ray diffraction (XRD) and
scanning electron microscope (SEM) analyses were per-
formed on the prepared monolithic matrices.

For XRD analysis samples were powdered in agate mor-
tar and placed onto carrier-glass plate which has rectangu-
lar recess of 20 x 20 mm and a depth of 0.5 mm. Equipment
used for XRD is an automatic diffractometer Rigaku
MiniFlex 600, Brag-Brentano geometry with secondary
graphite monochromator. Radiation is from the copper
anode, the voltage on the pipe is 40 kV, and the current is
15 mA. Recording is performed in step mode, the step reten-
tion time is 2 s, and the step is 0.03 degrees. Semi-qualitative
XRD analysis as well as crystallite size of the components
using the Scherrer method was performed using HighScore
Plus software, PANalytical, the Netherlands.

For SEM measurement the monolithic matrices were
crushed and dried, ground to powder and then sub-
jected to analyses. SEM photographs were carried out by
QUANTAX 70 EDS System TM3000 - Bruker, Germany.

The Brunauer—-Emmett-Teller (BET) specific sur-
face area, pore volume, and pore size were determined
based on the adsorption and desorption isotherms of N, at
77 K obtained on an Autosorb iQ Surface Area Analyzer
(Quantachrome Instruments, USA). The samples were out-
gassed at 110 °C for approximately 5 h before running iso-
therms. Mesopore volume were derived from desorption
isotherms using the BJH (Barrett—Joyner—Halenda) model.
Micropore volumes were additionally calculated using
t-test and the Horwath—Kawazoe (HK) method. The total
pore volume and average pore radius were derived from
the amount of vapor adsorbed at a relative pressure close
to unity, by assuming that the pores are then filled with
liquid adsorbate. Non-Local Density Functional Theory
(NLDFT) was used for pore size distribution analysis.

To validate the applicability of the designed waste mix-
ture, mechanical performance of the obtained monolites
was measured in terms of uniaxial compressive strength.
Compressive strength was determined by using a pene-
trometer which measures the penetration resistance of



undisturbed samples in kPa. The results are interpreted
according to [29-30]. Also, the compressive strengths
were compared with ASTM Standards for non-load-bear-
ing [31] and load-bearing [32] concrete masonry units,
respectively.

3 Results and discussion

3.1 Leaching tests

TCLP is one example of a field mimicking test that is
applied as a screening protocol in practice. The field con-
ditions adopted by TCLP are those of an assumed “mis-
management” scenario described as disposal of hazardous
waste in a biologically active municipal solid waste land-
fill. This test is specifically designed to mimic the acidic
conditions of the sanitary landfill, as well as to identify
wastes that have the potential to contaminate groundwa-
ter. In national legislative, according to the Regulation on
categories, testing and classification of waste (“Official
Gazette RS”. 56/2010) [33], TCLP procedure prescribes
parameters and limit values for testing of toxic character-
istic of waste intended for disposal. The results of TCLP
test on treated samples are presented in Table 3. Cr, Ni,
Cu and Zn showed lower leaching after 28 days from S/S
treatment applied followed by slight increase after 7 years.
Cd showed constant decrease in leaching and Pb leach-
ing increased in 28 days and then decreased over long
period of time. These slight changes can be attributed to
pH variations and consequently metal solubility over time.
Generally, the leached concentrations of metals, from both
specimens, in all tested periods, are far below the limit
values according to “Official Gazette RS”, 56/2010 [33],

Table 3 Leached metal concentrations according to TCLP procedure

Cr Ni Cu Zn Cd Pb

Samples pH
mgl!

Sediment 53 227 4728 2834 2486 1151 5782
7D

K30L10 9.6 0.025 1429 0.178 4.111 0.107 0.068

M30L10 87 0.020 0.149 0.105 0.127 0.011  0.013
28D

K30L10 84 0.034 1139 0.087 2775 0.093 0.117

M30L10 79 0.025 0.809 0.047 1579 0.080 0.063
7Y

K30L10 77 0.093 2903 1.548 4.194 0.022 0.015

M30L10 71 0049 2488 1187 2.825 0.021 0.259

Limit

values* 5 20 25 250 1 5

* Limit values for metals according to TCLP procedure
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and they stayed relatively stable over time. Therefore, it
can be concluded that these materials do not do not posse
toxic properties and can be considered safe and non-haz-
ardous for disposal.

DIN 3841-4 S4 test is a standard batch leaching test,
which has been widely used for regulatory compliance
purposes in Germany and Austria, as well as for general
assessment elsewhere. In national legislation it prescribes
parameters for testing wastes and leachate from inert,
non-hazardous or hazardous waste landfills. In Table 4
leached metal concentrations, for both specimens over
time, according to DIN 3841-4 S4 test are presented. In
both specimens after 7 days only Ni and Cu leached in
noticeable concentrations. After 28 days, leaching started
to decrease, probably due to pozzolanic reactions. Testing
after period of seven years showed good stability of tested
specimens. Again Ni and Cu leached in greater concen-
trations. When interpreting results by using the national
regulations for the testing and classification of waste, as
well as by comparing it with the values prescribed by the
European Union [34], from the aspect of Cr, Zn, Cd and
Pb specimens are characterized as inert waste and can be
used in specific purposes. From the aspect of Ni and Cu,
specimens are considered as non-hazardous waste.

Generally, leached metal concentrations greatly declined
compared to untreated sediment sample. Differences in
metal leaching between these two tests are the sum of sev-
eral factors. Used acid, in TCLP test, can complex met-
als causing them to leach in greater concentrations [35].
Additionally, solid/liquid ratio is different for each test.

Table 4 Leached metal concentrations according to DIN 3841-4 S4 test
Cr Ni Cu Zn Cd Pb

Samples  pH
mgkg!

Sediment 7.1 7453 52.68 34.58 1487  6.117 84.65
7D

K30L10 1.3 0760 4.940 5870  0.730  0.001  0.040

M30L10 97 0770 2170 3870 0.460 0.001 0.020
28D

K30L10 102 0.359 2.849 6.014 1.376 ~ 0.007 0.068

M30L10 89 0292 0631 0398 0859 0.003 0.031
7Y

K30L10 85 0.560 8.600 17.069 nd nd nd

M30L10 74 0.120 3.899 22170 0.320 0.003 nd

A* 0.5 0.4 2 4 0.04 0.5

B* >6 10-70 10-40 50-100 50-200 1-5  10-50

A*- Maximum allowed concentration of accepting waste as inert L/
S=10 (lkg"); B*- Maximum allowed concentration of accepting waste
as non-hazardous L/S=10 (lkg"); nd-not detected
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Finally, pH greatly differs, as TCLP uses citric acid and
DIN3841-4 S4 uses deionized water as leaching fluid. This
has the impact on final pH of the leachate after the test.
pH value has influence on clay surface. As the surface of
clay is more protonated at low pH, H" competes with metal
ion resulting in active sites less able to retain heavy metal
ions, this may be explained by the surface complexation
reactions which are influenced by the electrostatic attrac-
tion between negatively charged groups at clay surface and
the metal ions [36]. For both tests it can be seen that pH
values decreased with the increasing incubation period,
most likely due to the reaction between alkaline CaO and
CO, to form CaCO, as time proceeded [37]. Lowering the
pH over time may hindered the binding of some positively
charged metal ions. Namely, observing metal hydroxide
solubility as a function of pH value, it can be expected that
metal leach in lower pH region [38]. So, metal leaching
can be observed as a balance between pozzolanic prod-
uct formation (metal immobilization) and metal precipita-
tion and dissolution as a result of pH variation. Also, pres-
ence of ettringite implies that there is the physical damage
resulting from the formation of expansive minerals. Both
the physical damage and the crystals may be caused by
desiccation. This also can lead to increase metal leaching
over time [39].

3.2 Chemical, mineralogical and structural
characterization

XRD analysis was performed on native sediment sam-
ple and K30L10 and M30L10 specimens after 7, 28 days
and 7 years (Fig. 1) as well as semi-quantitative analysis
(Table 5).

Main crystalline phases identified, in native sediment
sample, were quartz(SiO,), muscovite KAIL(AISi,O,)
(F,OH),, enstatite (MgSiO,), dolomite CaMg(CO,),, cal-
cite(CaCO,) and illite (K,H,0)(Al,Mg,Fe),(Si,Al),O,[(O
H),,(H,0)]. In solidified specimens the main peak was
quartz originating from sediment, and alumosilicates
present both in sediment and used clays as mineralogy is
depended on site specific conditions [40].

X-ray diffraction analyses of sediment mixtures with
clays and lime indicated that pozzolanic product formation
did take place within the 28-d curing period as calcium sil-
icate hydrate (CSH) and calcium silicate hydroxide (CSH*)
were the identified products. The reaction product formed
is initially a non-crystalline gel, but eventually becomes
calcium silicate hydrate,C-S-H, and due to its surface area
it represents a principle mineral phase for adsorption of
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Fig. 1 X-ray diffraction analysis (XRD) applied on S/S specimens
a) native sediment sample; b) K30L10 and ¢) M30L10 after 7, 28 days
and 7 years, where the following products are identified: Q-quartz, En-
enstatite, Mu-muscovite, D-dolomite, I-illite, C-calcite, K-kaolinite,
M-montmorillonite, E-ettringite, CAH-calcium aluminat hydrate, CSH-
calcium silicate hydrate, CHS-calcium hydroxide silicate, P-portlandite

metal cations [39]. In general, however, these reactions are
slower than those of cement and do not produce exactly the
same products in terms of chemical and physical proper-
ties. Formation of calcite is a result of atmospheric carbon-
ation of portlandite (Ca(OH),) over time, proving that S/S

treated sediment is metastable [17]. Portlandite presence



Table 5 Semi-quantitative analysis by XRD

K30L10 M30L10
Sediment
Component 7D 28D 7Y 7D 28D 7Y
%

Muscovite 13 / / / / / /
Illite 9 / / / / / /
Enstatite 16 / / / / / /
Dolomite 14 / / / / / /
Montmorillonite / / / / 10 10 11
Silj;g“ hydroxide / 0 8 10 8 98 Il
Ettringite / 8 10 12 7 10 12
Kaolinite / 233 14 16 / / /
E;éi;‘i;“ silicate / § 9 85 10 112 127
Quartz 37 296 20 17 34 22 163
Calcite 11 15 17 13 12 15 16
Portlandite / 6.1 7 6.5 12 14 15
Calcium aluminat / 10 15 17 7 3 6

hydrate

also indicated that hydration processes were not fully com-
pleted after 28 days, and that reactions are still take place
in direction of pozzolanic product formation, which results
in better metal immobilization and structural integrity of
solidified materials. Even after 7 years there are portlan-
dite peaks present, in both specimens, due to lime used
for the treatment [41-42]. Also, small peak of ettringite
(3Ca0°Al,0,°CaS0O,*32H,0) was recorded at 20 value of
~ 9 degrees, which becomes more pronounced over time.
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Ettringite formation can result in monolite expansion and
damage [43]. In general, the formation of pozzolanic com-
ponents, as well as the presence of calcite and portland-
ite, further confirms that these matrices have good poten-
tial in use as structural materials [29]. By XRD a direct
measurement of the mineralogical composition of sam-
ples can be performed, but only the relative masses of the
mineral phases reported to the crystallized fraction of the
sample can be determined [44]. From the semi-quantitative
analysis it can be seen that the main mineral phase in S/S
specimens is quartz. Calcium hydroxide silicate, calcium
silicate hydrates and calcium aluminat hydrate content is
slightly changed and intensified over time. Portlandite is
present in all specimens over time with significant amount
in M30L10 mixtures. Similar case is with the presence of
calcite whose content increases especially within the first
28 days of curing. Obvious increase in ettringite content is
evident over time as one of main pozzolanic reaction prod-
ucts. Crystallite sizes determined for selected reflections
from the direct application of the Scherrer equation are
presented in Table 6. Coherently reflecting domains, better
known as crystallites, can have different size and shape.
The average size of these crystallites can be estimated from
the broadening of (X-ray or neutron) diffraction reflections
via Scherrer equation. As the crystallite size increases, its
contribution to the observed peak width becomes smaller.
It is also important to note that if crystals have different
unit cell dimensions (perhaps from slight compositional
differences among different crystals as opposed to compo-
sitional gradients within a given crystal), this will result in

Table 6 Crystallite dimensions determined from Scherrer analyses

K30L10 M30L10
Sediment
Component 7D 28D 7Y 7D 28D 7Y
Crystallite size (A)

Muscovite 235.9 / / / / / /
Illite 3257 / / / / / /
Enstatite 477.6 / / / / / /
Dolomite 385.9 / / / / / /
Montmorillonite / / / / 79.36 79.51 85.48
Calcium hydroxide silicate / / 333.7 532.7 284.8 303.5 281.04
Ettringite / 183.3 228.6 368.3 318.1 326.4 394.4
Kaolinite / 322.2 367.6 3235 / / /
Calcium silicate hydrate / 473.9 5777 444.02 4239 708.9 337.5
Quartz 446.3 404.1 407.9 463.4 3674 422.04 355.3
Calcite 431.1 3224 309.6 414.4 289.7 286.9 332.5
Portlandite / 270.2 209.5 353.6 135.2 159.2 287.5
Calcium aluminat hydrate / 396.9 335.8 416.5 356.7 333.8 307.1
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peak broadening as well [45]. Crystallite sizes of used clays
did not differ significantly over time.

Calcium hydroxide silicate and calcium silicate hydrate
crystals increased in period of 28 days of curing, but lat-
ter decreased in a small extent, while calcium aluminate
hydrate crystallites sizes did not vary significantly over
time. Calcite and portlandite gain larger crystal size as
maturation proceeded as well as ettringite.

The morphology of specimens over time, according to
SEM, analysis is presented in Fig. 2. All S/S matrices rep-
resent systems suitable for “trapping” metals. The SEM
results of the S/S indicated on a thick microstructure with
hydration products, calcium silicate hydrate (C-S-H), cal-
cium aluminate hydrate (C-A-H), gel flocculates. The C-A-
S-H phases grow on Si-rich substrates and are accompa-
nied by other secondary minerals such as carbonates (on
the clay side) and ettringite (on the lime side) according
to Fernandez et al. [19]. C-S-H possesses the sorption
potential for metals due to its very large specific surface,
which with its irregular hydrogen bonds can ease the sorp-
tion of water and other “foreign” ions, such as metal ions
[46]. Both kaolinite and montmorillonite produce plaque
structures. In the structure of montmorillonite, Al and
Si are exposed to crystalline edges and partially hydro-
lyzed to silanol (SiOH) and aluminum (AIOH) groups.
Such unsaturated edges are much more sensitive than sat-
urated base sites [47]. This leads to the inner-sphere of

Fig. 2 The morphology of selected samples obtained by SEM analysis

metal complexes and on planar (inner) locations of clay
minerals, which causes the creation of an external sphere
of metal complexes [48]. Generally, clay particles are
strongly anisotropic and exhibit faces and edges, which
are very different in surface area and in chemical behav-
ior. A number of mechanisms have been supposed to be
active in the sorption of heavy metals by these sorbents.
Some of these mechanisms are chemisorption, physi-
cal adsorption and micro-precipitation which involve (i)
an ion exchange reaction at permanent-charge sites and,
(i1) formation of complexes with surface hydroxyl groups
at edge-sites. Montmorillonite clay are commonly used
as an effective leachate barrier of toxic heavy metal ions
and radionuclides due to its good swelling property, high
chemical/mechanical stability, high specific surface area
and fine cation exchange capacity. Montmorillonite sorbs
heavy metals both on planar sites with permanent charge
on the interlayer surfaces and on edge sites with vari-
able charge on the external surfaces. The sorption on pla-
nar sites is pH-independent and is considered to be ion
exchange reaction while that on edge sites is pH-depen-
dent and is thought to be complexation reaction. Kaolinite
possesses a layered structure with a large surface area and
high cationic exchange capacity. Kaolinite exhibited a
strong affinity for both positive and negative heavy metal
ions, whereas the sorption capacity for positive heavy
metal ions was much higher than that for negative heavy
metal ions because of the negative charge on the structure
of clay. Metals tend to be adsorbed via ion exchange reac-
tion over the acidic pH range and surface complexation
over the near-neutral pH range. For example, the sorption
mechanism for Cu(Il) binding on montmorillonite over
the alkaline pH range is significantly different from that
for Ni(I). The adsorbed species for Cu(Il) are identified as
surface multinuclear complexes whereas that for Ni(II) are
recognized as Ni phyllosilicate co-precipitate and/or nickel
hydroxide precipitate. The distribution of sorbed heavy
metals on planar and edge sites is controlled by many fac-
tors especially pH and the concentration of background
electrolyte. A shift in heavy metal sorption from planar
sites to edge sites can happen in response to an increase in
both pH and electrolyte concentration [36, 49-51].
Specimens are characterized over time in terms of BET
specific surface area and porosity. Results are presented
in Table 7. Namely, the significant particle size effect is
that the smaller particles have a larger surface that is avail-
able for hydration, which will cause the formation of more
hydration products in the earlier stages of the S/S treatment,
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Table 7 Surface area and pore analysis of specimens over time

Parameter Sediment K M L K30L10 7D K30L10 28D K30L10 7Y M30L10 7D M30L10 28D M30L10 7Y
BET (m%g") 17999 10322 85359  4.895 9233 10.053 8.553 9.741 25.384 8752
Mikropore 0.001 nd  0.021 nd nd nd nd nd 0,004 nd
t-test (cm’g™)

Mikropore HK- 5 507 0004 0036 0.002 0.004 0.004 0.0031 0.004 0.010 0.003
metod (cm’g")

BIf totalpore = 0or 0134 0103 0.063 0.097 0.096 0.112 0.067 0.075 0.096
volume (cm?g™)

Average pore 7210 26133 2843 25542 208.59 190.72 261.35 132.17 59.20 213.57
radius (A)

Total pore 0065 0135 0121  0.063 0.096 0.096 0.112 0.064 0.075 0.093

volume (cm’g™)

nd-not detected

resulting in better immobilization of the metal. In the early
stage of the treatment (7 days), BET specific surface areas
of specimens were similar due to immobilization agents
mixing, compacting and pozzolanic reactions taking place.

After 28 days BET specific surface increased in both
monoliths as a result of specimens maturing and hydration
product formation, which are most intensified in this early
stage of sample aging. This is especially noticeable in the
case of M30L10 28D sample, where BET specific surface
arca almost tripled. After seven years a decrease in sur-
face area is noticed. In this time period all the moisture
evaporated from the samples. Also, it is assumed that all
reaction terminated and a complete hardening and com-
paction of samples took place. Micropore volumes, accord-
ing to HK method, changed in the same order, indicating
on sample compaction and micropore closing over time.
According to micropore t-test, micropores are detected in
native sediment sample as well as in montmorillonite and
M30L10 28D correlating well with the value of BET spe-
cific surface area. Mesopore volumes slightly increased
in the period between 7 and 28 days, and then over lon-
ger period of time decreased and stabilized, represent-
ing good matrices for heavy metal entrapment. Average
pore radius also indicates on predominant mesoporosity of
all specimens as values for this parameter were in range
of 20 - 500 A. Also, obtained results are in compliance
with metal leaching as aged specimens did not structur-
ally deteriorate, in greater extent, over time, which is in
good correlation with Wang et al. [52]. Treatments such as
the Non-Local Density Functional Theory (NLDFT) pro-
vide a much more accurate approach for pore size analysis.
This method bridge the gap between the molecular level
and macroscopic approaches. Incremental and cumulative
pore size distribution of different specimens determined

by the NLDFT method is presented in Fig. 3 ((a) and (b)).
The NLDFT model takes into account the differences in
thermodynamic properties of a bulk fluid vs a fluid con-
fined in pores. Thus it is able to give a more accurate
description of the micro and mesopores [53]. All speci-
mens showed significant pore volume resulting from mes-
opores fraction predominantly of 20, 40, 70, 95 and 140 A
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Fig. 3 (a) Incremental and (b) cumulative pore volume of different

specimens as determined by the NLDFT method
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in half pore width. Native sediment, montmorillonite and
M30L10 sample after 28 days showed more significant
micropore content with half pore width < 10 A.
Unconfined compressive strength is used as a measure
of the ability of a monolithic S/S material to resist mechan-
ical stresses. It relates to the progress of hydration reactions
in the product, and durability of a monolithic S/S material,
and is therefore a key variable. The measurement results
of unconfined compressive strength of tested S/S mixtures
are shown in Fig. 4. According to the EPA SW872 [54], S/S
materials with hardness greater than 0.35 MPa shall be con-
sidered to have sufficient compressive strength. This min-
imum value is proposed in order to create a stable foun-
dation for the disposal of these materials in landfills. In
the UK, acceptable strength after 28 days is 0.7MPa, but
the value of 0.35 is acceptable depending on the test sam-
ple [55]. According to ASTM C129, 2011 [31], compressive
strength of M30L10 7Y exceeded 4.14 MPa, thus these
blocks are potentially applicable as non-load-bearing con-
crete masonry units, such as partition walls, planting bricks,
and landscaping walls, ground leveling/stabilization to the
design formation level prior to construction works.
Alkali-enriched systems would dissolve siliceous compo-
nents causing microcrack formation and/or result in a more
compact C-S-H structure leading to higher porosity [52].

4 Conclusion

This objective of this study was assessing long-term per-
formance of S/S treatment of metal polluted sediment.
Kaolinite, montmorillonite and lime were used as immo-
bilization agents in S/S treatment. Obtained samples were
tested trough leaching tests, TCLP and DIN 3841-4 S4
procedure as well as trough mineralogical and structural
characterization in different time periods after applied
treatment (7, 28 days and 7 years). Leaching tests, dif-
fering in nature and pH of leaching fluid, indicated on
successful S/S treatment as leached metal concentrations
complied with the both acceptance criteria. Differences in
leached concentrations over time are mostly attributed to
pH variations and present crystals phases that may cause
expansion and physical damage of monoliths. X-ray dif-
fraction (XRD), qualitative and semi-quantitative analy-
sis, confirmed the formation of hydration and pozzolanic
product indicating that longer period of time is needed for
final mineral composition to be formed. Semi-qualitative
analysis indicated on increased content of hydratation
product over time and crystallite size determination

LA (= -1 [--] L=l

-

(¥

Unconfined compressive strenght (MPa)

I .
! 0.35
—

M30L10_28D M30L10_7Y

K30L10 28D K30L10_7Y

Fig. 4 Unconfined compressive strength (MPa) of obtained S/S
mixtures after 28 days and 7 years

showed formation of smaller and finer crystals at longer
time-scale. Scanning electron microscope (SEM) analysis
confirmed that morphology of tested specimens represents
viable matrices for entrapment of metals creating dense
structures over time. Porosity and pore size distribution
measurements indicated that specimens represent meso-
porous structures, closing micropores and mesopores over
time due to moisture evaporation and gradual compac-
tion. Notable presence of micropores is detected in matri-
ces containing montmorillonite. Unconfined compressive
strength indicated on ability to create a stable foundation
for the disposal of these materials in landfills. Aged sam-
ple with 30 % montmorillonite and 10 % of lime proved
to be potentially applicable as non-load-bearing concrete
masonry units, viable for controlled utilization. Generally,
all results indicated on successful treatment with undi-
minished efficiency over a period of several years indicat-
ing that this represents reliable, environmentally friendly
and cost-effective remediation technique.
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