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possibility is formation of some new silicate structures.

Abstract
The article presents the possibilities of using special prepared binders to reduce the emission of ions from soil, and immobilize metals
migration from waste deposits. Clay-cement slurries are mixtures containing in their compositions clinker binder and clay minerals,
in this case they were Belchatow and Koniecpol clays. After hydratation process mixtures they create flexible and tight structures that
are used, among others, as a barriers immobilizing the spread of pollution. The tests have shown that in the case of amphoteric metals,
it is possible to accumulate almost 100% of the contamination using clay-cement suspensions. An attempt was also made to explain
the mechanisms of ion retention in arised structures. The article presents three probable mechanism of amphoteric ions binding, the
first is retention in the clay minerals interlayer spaces, the second is entrapment in CSH type phases formed during hydratation. Last
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1. Introduction

Many experimental works have shown the feasibility of
waste materials in civil engineering and have been explored
by several authors in many different fields such as for sub-
base course and road construction, (Spence et al. 2017) for
manufacture of aggregates for concrete mixtures and also for
cement, (Bogehtich et al. 2005, Collivignarelli et al. 2017, Dal-
ton et al. 2004, Korotenko et al. 2018) for brick, (Andreola et
al. 2001) and glass or glass-ceramic materials (Monterio et al.
2008), as a alternative fuel and hydroisolation barriers pro-
duction (Wojcik et al. 2009).

The environmental compatibility is an important issue
and the waste reuse can contribute to the pollutant release in
the environment, especially when concrete is demolished or
comes in contact with water (Chibuike et al. 2014, Kasmi et
al. 2017, Malviya et al. 2006, Wang et al. 2010).

Some of the harmful elements have the amphoteric prop-
erties, which mean that they can behave as both the acid and
base. Transition metals produce the inorganic compounds
that show the strongest amphoteric properties. This property
is very common for the hydroxides of the metals with a me-
dium electronegativity. The amphoteric property of the com-
pound is related to the ability of each element to create the
anions and cations in the aqueous solution. As an example,
the chromium ion, Cr** in the strong acidic solution forms
the salt, CrCl, (in the presence of abundance of chloride ions
forms a complex ion). In the weak acidic and neutral solu-
tion, chromium ion precipitates as little soluble hydroxide
Cr(OH);. In that form chromium hydroxide in the alkalic
solution dissolve to create chromium ions [Cr(OH),]— and
has a tendency to migrate to the environment (Lathaj et al.
2007, Stempkowska et al. 2017, Varchney et al. 2017, Zmij-
kowa et al. 2018).

The previous researches show that clay-cement mixtures
have a very good immobilization properties for the metal

cations (heavy metals, transition metals) (Wuana et al 2011,
Andersen et al. 1994, Seip et al 1994, Wuana et al. 2011). De-
spite the successful inhibition there is the risk that amphoteric
metals in the strong basic solution can form compounds eas-
ily dissolved in water. This article is a trial to explanation the
relation between very strong basic clay-cement mixtures and
possibility to release the harmful metal cations to the envi-
ronment and also considers the possibility of the forming the
silicate compounds in the reaction with sodium silicate (com-
monly known as a waterglass), that is addend to the clay-ce-
ment hydrobariers to control the hydratation process (Zhang
et al 2008, Wang et al 2017, Bashir et al. 2011).

2. Materials and Methods

The various samples of clay-cement binders were pre-
pared using as a base two different types of the mineral com-
pounds, the first one was Koniecpol clay and the second one
was Belfchatéw clay, and the third type of samples the waste
ashes were used. In this preparation as a filler the medium
mesh size sand was imputed. Samples contain also 1% wt of
sodium silicate (waterglass) type R145 (izak et al 2015, Stemp-
kowska et al. 2018) Betachtoéw clay is monomineral material
containing almost exclusively beidellite, that is calcium and
sodium aluminosilicate, with a general chemical formula
Nag.sAly(Sis.5Ale.5)O010(OH),-n(H,0). Koniecpol clay is a
loose multimineral rock, containing in its composition about
50% wt. of vermiculite, that is aluminium, iron nad magne-
sium aluminosilicate, with approximate chemical formula
(Mg,Fe,Al)5(ALSi)s O10(OH),-4H,O, the rest of the material
is quartz and a small amount of carbonates.

The standards for hydroisolation slurry preparation in-
dicate the quantity of sodium silicate should not exceed 1%
of composition because the higher values of that has a nega-
tive impact on the rheological properties (Wdjcik et al. 2015,
Stempkowska et al 2011). However for academic purposes
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and comparison study, the samples with high concentration
of sodium silicate and the samples without it were tested.

Amount and type of the compounds in the samples are
presented in the Table 1, as well as the pH values for that type
of mixtures. The pH index of the samples is stable and char-
acteristic for clay-cement mixtures. The acronyms of the sam-
ples indicate respectively, the type of additive used (P25 - ash,
K - Koniecpol clay, B — Belchatéw clay) and then content of
cement and water glass.

The slurry mixes were spiker with various amphoteric
hydroxides of metals that are considered as a harmful after
Minister of Environment act ,Standards for soil and earth
quality” publicized in 2001. For the purposes of this research,
there elements were chosen: Lead II Zinc (IT) and Chromium
(III). The standards for the those elements contents are show
in Table 2.

The hydroxides of those elements were added to the slur-
ry mixtures in the quantity exceed twice the standards for
its concentration in the soil, with the parameters as follows:

. Lead - 2000 mg/kg

. Zinc - 40 mg/kg

. Chromium - 1600 mg/kg

On account of slurry high pH factor, the hydroxides start-
ed dissolve and created aqua soluble complex ions such as:
[Cr(OH)4]-, [Zn(OH).])*, [Pb(OH),4]*. In this state investi-
gated compouds should be sucesfully inhibited in clay-ce-
ment slurry.

The samples were saturated with distilled water and ex-
traction was allowed to occur for 48h. The samples were
placed in special cylinders and forced to flow by them dis-
tilled water, under constant pressure. The hydraulic gradi-
ent was generated by compressed air at stabilized pressure.
Compressed air displaced distilled water from the tank which
through a sample in the measuring chamber water flowed
into the filtrate container. The samples were filtered under
the pressure of latm to obtain 100 ml of extract. The filtrate
was subjected to analytical test. The filtration system has been
shown on figure 1.

3. Results and Discussion

The physical and chemical characteristics of effluents are
presented in Table 3 and 4 and concentration of metals cat-
ions are show the Figure 2. The trace amounts of the met-
al ions were observed in the samples. The percentage of the

Tab. 1. Composition of clay-cement mixtures
Tab. 1. Sktady mieszanin itowo cementowych

Sample Sodium .
Sample mass silicate cement soil pH
lel (2] gl gl
P25.50.0 106,3 0 53,2 53,2 13,03
P25.50.1 109,2 1,09 54,6 54,6 13,29
P25.50.2 105,6 2,11 52,8 52,8 13,44
P25.60.0 106,5 0 63,9 42,6 13,27
P25.60.1 102,8 1,03 61,7 41,1 13,48
P25.60.2 108,1 2,16 64,9 43,2 13,48
P25.70.0 105,6 0 73,9 31,7 13,37
P25.70.1 100,3 2,01 70,2 30,1 13,54
P25.70.2 109,2 2,18 76,4 32,8 13,25
K.50.0 107,0 0 53,5 53,5 13,25
K.50.1 103,1 1,03 51,5 51,5 13,34
K.50.2 105,4 2,11 52,7 52,7 13,34
K.60.0 108,5 0 65,1 43,4 13,15
K.60.1 109,2 1,09 65,5 43,7 13,58
K.60.2 106,7 2,13 64,0 42,7 13,43
K.70.0 108.0 0 75,6 32,4 13,48
K.70.1 106,1 1,06 74,3 31,8 13,37
K.70.2 101,8 2,04 71,3 30,5 13,54
B.50.0 107,6 0 53,8 53,8 13,43
B.50.1 102,3 1,02 51,2 51,2 13,25
B.50.2 105,1 2,10 52,6 52,5 13,34
B.60.0 104,3 0 62,6 41,7 13,15
B.60.1 108,2 1,08 64,9 433 13,23
B.60.2 105,6 2,11 63,4 42,2 13,58
B.70.0 107,5 0 75,3 32,2 13,25
B.70.1 106,3 1,06 74,4 31,9 13,15
B.70.2 102,8 2,06 71,9 30,8 13,23
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leaching of this ions to the soil is very low, therefore it is not
significant for the study of cement-clay slurry as the hydroiso-
lation barriers.

Figure 2. below, show the relationship between cation
charge and concentrations of elements in effluent after wash-
ing. The higher concentration value of chromium ions can be
caused by different ions migration mechanism. The maximum
concentration is 0,45 mg/L which is considered as trace quality.

The results show negative dependence between cations
leaching and the compositions of slurry mixtures samples.
The data show no relation between ions migrations and the
percentage of sodium silicate in the composition of binder.
The observation was made that the type of materials (like
clays or ashes) used in binder’s composition should not affect
the accumulation of harmful elements.

3.1. The mechanizm of ion immobilisation

A characteristic feature of clay-cement binders is that
throughout the en tire bonding area they behave like visco-
plastic fluids and there is no rigid crystal structure created
e.g. characteristic for concrete. Thanks to this, the connection
of the linker phases contained in the material and fine disper-

sion Clay fractions ensure high tightness and harmful sub-
stances retention capacity.

The impact of foreign ions Pb*, Zn?, Cr** within the
structure of clay cement mixtures was investigated, and there
is most likely three possibilities, of ion immobilization:

« interlayer position in clays,

o intermolecular bonds in cement

»  orash or arising different structure.

In the light of these facts, the fundamental understanding
of clay-cement mixtures chemistry remains as an important
issue.

Ion exchange in clays is dependent on the crystalline
structure of the mineral and on the chemical composition of
any solution in contact with the mineral. The structures of
clay minerals are briefly described to provide a background
for the discussion of their ion-exchange reactions. Ion ex-
change in these minerals is a reversible chemical reaction that
takes place between ions held near a mineral surface by un-
balanced electrical charges within the mineral framework and
ions in a solution in contact with the mineral. Generally the
excess charge on the mineral is negative, and it attracts cations

Tab. 2. The standards for the contents of metals in the different type of soils
Tab. 2. Zawarto$ci normowe metali w réznych typach gruntéw

type B ‘ type C
Depth [m]
0-0,03 0,3-15,0 | >15 ‘ 0-2 | 2-15
Lp pollution type A
Water infiltration [m/s]
up to below | upto | below up to | below
1x107 1x107 1x107
1 2 3 4 5 6 7 8 9 10 11
METALS [mg/kg]

1 Chromium 50 150 150 190 150 380 500 150 800
2 Zinc 1 4 5 6 4 10 15 6 20
3 Lead 50 100 100 200 100 200 600 200 1000

sample holder

filtrate container

pressure regulator

distilled water

container

Fig. 1. Filtration set
Rys. 1. Zestaw filtracyjny
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from the solution to neutralize this charge. The chemical re-
actions in ion exchange follow the law of mass action, but the
reactions are restricted by the number of exchange sites on the
mineral and by the strength of the bonding of the exchange-
able cations to the mineral surface.

In this experiment two samples were added clay agent,
the first one Koniecpol clay, which is multimineral (contains
also sand, and anthem types of clays) , but more than 50%
is vermicullite - smektyte type. Second was Belchatow Clay,
monomineral montmoryllonite — beidellite type. Each clay
mineral has a range of exchange capacities because of differ-
ences in structure and in chemical composition, but in this
case both of them are 2:1 and expanding structure which
means that they can exchange cations. The ranges (in milli-
equivalents per 100 grams) are; montmorillonite, 70-100; il-
lite, 10-40; vermiculite, 100-150 (Pardo et al. 2018, Esaifan et
al. 2019). In the available space between individual interlayer
there are exchangeable cations and water molecules. When in-
troducing different types of cations, it becomes possible that
this space is naturally inaccessible, and interchangeable cat-
ions are not replaceable. Model of structure is shown on fig-
ure 3. In interchangeable cation position may substitute zinc,

lead or chromium, and because of charge and ionic radius
chromium will be privileged.

The samples were filtered under the same pressure, but
eluent was nitrogen V acid because solubility of arising salts,
for example zinc, or lead chlorides are unsoluble, The concen-
tration was 10% wt quite low, because of undesiderable cor-
rosion. As you may notice, again have higher concentration
value of chromium ions be caused by different ions migration
mechanizm, and cation charge. Lead and zinc still very low.
And finally we can observe, samples with water glass addi-
tion, inhibits more elements than samples without it. Results
are included in table 4 and on figure 4, and demonstrate the
effective immobilization of amphoteric ions.

Second possibility by immobilizing ions are intermolec-
ular bonds in cement and ash. In the assumption cement and
ash have similar hydratation possibilities. The samples were
mixed before the hydratation process, so the phenomenon of
ion retention was considered taking into account the non-hy-
drated phases. Of course, after mixing with water and solid-
ifying the samples, the clinker phases go into CSH gels, and
proper immobilization already occurs in hydrated minerals.
There are a few clinker phases such as follows: alite CsS, be-

Tab. 3. The concentration of the selected metal cations in the effluents, determined by ASA method
Tab. 3. Stezenie wybranych metali w przesaczach wodnych

Pb2+ Zn2+ Cr3+
Sample [mg/1] [mg/1] [mg/1]
P25.50.0 0,083 0,0033 0,433
P25.50.1 0,071 0,0027 0,333
P25.50.2 0,071 0,0076 0,322
P25.60.0 0,073 0,0029 0,286
P25.60.1 0,068 0,0012 0,296
P25.60.2 0,067 0,0087 0,222
P25.70.0 0,047 0,0031 0,271
P25.70.1 0,038 0,0045 0,231
P25.70.2 0,053 0,0012 0,246
K.50.0 0,135 0,0045 0,377
K.50.1 0,081 0,0023 0,361
K.50.2 0,083 0,0031 0,343
K.60.0 0,085 0,0022 0,327
K.60.1 0,056 0,006 0,276
K.60.2 0,066 0,0037 0,273
K.70.0 0,082 0,0045 0,254
K.70.1 0,077 0,0023 0,241
K.70.2 0,079 0,0029 0,268
B.50.0 0,048 0,0031 0,453
B.50.1 0,045 0,0045 0,439
B.50.2 0,068 0,0012 0,376
B.60.0 0,057 0,0026 0,365
B.60.1 0,051 0,0045 0,329
B.60.2 0,031 0,0070 0,366
B.70.0 0,042 0,0045 0,361
B.70.1 0,015 0,0023 0,275
B.70.2 0,063 0,0026 0,243
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lite C,S, C4AF and C;A. There is about 65% alite in clinker,
so other phases were skipped. Structure of alite is very in-
teresting, tricalcium silicate CsS has structure with isolated
[SiO4] which are connected by Ca-O polyhedra. The aproxi-
mate chemical formula is 3Ca0-SiO, (CsS in cement chemist
notation), but in fact the structure is different, alite exhibits
a complex polymorphism depending on impurities. Picture
shows pure alite monoclinic mineral structure but alite found
in clinker is a solid solution with a highly defective structure.
Oxygen atoms are present in two different coordinations - in
Si thetraedres, and in Ca - octaedres coordinated by 6 cal-
cium ions. And for that reason, cations can be bulit-in the
structure during hydratation process (Horst et al 2015). The
influence of individual ions on the structure of C;S has been
extensively studied in past decades (Zhang et al. 2011). The
higher crystal symmetry is achived without substituted ions.
By defining a quantity called structure different factor D, in
which the structural parameters such as radius, electronega-
tivity, coordination numer of the substituent ion were taken
into account with relation to Ca**. Table 5 shown the relation
between chemical structure parameters of investigated ions
Pb*, Zn**, Cr*, and their substitution patterns and abbilities

to unstabilize alite crystals. Absolute value of D factor greater
than or equal 0,2 destabilized structure. Conclusion is that
alite structure immobilize amphoteric metals but lead could
be dangerous for stable structure.

p=2 8 Rear =R)

RCaZ'

D - structure different factor - related to calcium.

And in following formula:

Z - ion charge,

Ax - elektronegativity difference between ion and calcium,
R - ion radius,

R.,,, — calcium cation radius.

Absolute value of D factor greater than or equal 0,2 de-
stabilized structure. These results indicate that alite structure
immobilize amphoteric metals but lead could be dangerous
for stable.

3.2. Quality precipitation of silicates of the selected ampho-
teric metal cations.

Amphoteric metals cations in eluents

o

z
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Fig. 2. Amfoteric metals water condition leaching test
Rys. 2. Wymywalno$¢ metali amfoterczynch w warunkach wodnych

tetrahedral layer WE@
N

octahedral layer —» \

@ interchangeble cations Pb, Zn, Cr

Fig. 3. Clay mineral 2:1 type structure
Rys. 3. Struktura mineratu ilastego typu 2:1
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Amphoteric metals cations in acid eluent Amphoteric metals cations in acid eluent
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Fig. 4. Amfoteric metals low pH condition leaching test
Rys. 4. Wymywalno$¢ metali amfoterycznych w warunkach niskiego pH

Tab. 5. Parameters of ions with substitution pattern
Tab. 5. Parametry jondw ze wzorem podstawienia

Pb2+ Zn2+ Cr3+
Tonic radius [pm] 132 74 64
Coordination number 4 4 6
Electronegativity 1,87 1,65 1,66
Substitution pattern Pb—Ca Zn—Ca Cr—Ca/Al
D factor -1,32 0,328 0,7

Fig. 5. SEM and EDS analysis of sample with 25% ash content
Rys. 5. SEM i EDS probki zawierajacej 25% popiotu

Fig. 6. SEM and EDS analysis of sample based on Koniecpol clay
Rys. 6. SEM i EDS probki zawierajacej it Koniecpol

Fig. 7. SEM and EDS analysis of sample based on Belchatéw clay
Rys. 8. SEM i EDS probki zawierajacej it Betchatow
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Tab. 4. The concentration of the selected metal cations in the acid effluents, determined by ASA metod

Tab. 4. Stezenie kationéw metali w przesaczach kwasowych

Pb2+ Zn2+ Cr3+
Sample HNO3 [mg/l] (mg/l] [mg/l]
P25.50.0 0,007 0,006 0,0076
P25.50.1 0,007 0,007 0,0063
P25.50.2 0,007 0,007 0,0067
P25.60.0 0,006 0,006 0,0049
P25.60.1 0,007 0,007 0,0042
P25.60.2 0,007 0,005 0,0087
P25.70.0 0,007 0,007 0,0071
P25.70.1 0,008 0,008 0,0085
P25.70.2 0,003 0,003 0,0072
K.50.0 3,54 0,005 3778
K.50.1 3,38 0,003 261,4
K.50.2 3,28 0,001 143.4
K.60.0 3,09 0,002 2278
K.60.1 2,96 0,006 176,1
K.60.2 2,27 0,007 73,3
K.70.0 2,08 0,005 2540
K.70.1 1,78 0,003 1414
K.70.2 1,08 0,009 68,1
B.50.0 6,05 0,001 753,5
B.50.1 5,45 0,005 4394
B.50.2 5,07 0,002 376,0
B.60.0 5,06 0,006 665,1
B.60.1 4,75 0,005 329,3
B.60.2 4,03 0,007 366,0
B.70.0 4,04 0,005 471,8
B.70.1 4,02 0,003 2753
B.70.2 3,06 0,006 243,1

The experiment was carried to confirm the redirection
about the possibility that certain amphoteric metal cations
may precipitate as insoluble and stable salts in strong alka-
line solution. To each solution of soluble salts of the selected
metal cations, the sodium silicate was added, to observe if the
precipitate will form. The experiment was conducted in the
following conditions.

o the concentration of 20% of the following salts

PbNOQ3, ZnCl, and CrCl;
o the sodium silicate Mk = 2,5
o reagents in the proportion 1:1

To accelerate the rate of re action the samples were put in
the laboratory drier at 80 degree Celsius. All samples formed
the insoluble precipitant as follows:

o monohydrate lead II silicate PbO-SiO,-H,O (white

crystals)

o monohydrate zinc II silicate ZnO-SiO,-H,O (blue

opalescent gelatinous precipitate)

o monohydrate chromium III silicate Cr,O; -SiO,-H,O

(pale green crystals)

Additional validation of creating unsoluble chemical bounds
were obtained by SEM images with EDS analysis (figure 5-7). The
EDS analysis shows that transition metals content is significantly
increased, while the contents of impurity elements (Zn,Cr, Pb).
These metals are immobilized in cement phases (long tiny crystals).

4. Conclusions
1. Clay cement mixtures retain amphoteric metals
o partasinterchangable cations in clay minerals structures
o part as cations substitute during the formation of the
alite phase
o and some form new structures by reaction with wa-
terglass
2. The mechanism of cation retention depends on the
quantitative composition of the mixture, but inhibition in the
structure of the alite is the strongest
3. Chromium has an affinity for clay minerals, in case of
ion radius, charge and negative D factor value - confirmation
by acid leaching
4. Indirect conclusion — complexes ion have weaker bonds
than the hydration reaction
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Mechanizm immobilizacji kationow metali amfoterycznych w mieszaninach itowo-cementowych
W artykule przedstawiono mozliwosci zastosowania specjalnie przygotowanych spoiw w celu unieruchomienia migracji metali am-
foterycznych. Spoiwa cementowo-itowe to mieszanki zawierajgce w swoich sktadach spoiwo klinkierowe i mineraly ilaste, w tym
przypadku byly to gliny Belchatoéw i Koniecpol. Po procesie hydratacji mieszanki te tworzqg elastyczne i szczelne struktury, ktére sq
wykorzystywane m.in. jako bariery unieruchamiajgce rozprzestrzenianie si¢ zanieczyszczen. Testy wykazaly, ze w przypadku metali
amfoterycznych mozliwa jest prawie 100% akumulacja zanieczyszczert w strukturze zawiesin itowo-cementowych. Podjeto réwniez
prébe wyjasnienia mechanizméw zatrzymywania jondw w powstatych strukturach. W artykule przedstawiono trzy prawdopodobne
mechanizmy wigzania jonéw amfoterycznych, pierwszy to retencja w przestrzeniach miedzywarstwowych mineratéw ilastych, drugi
to uwigzienie w fazach typu CSH powstalych podczas hydratacji. Ostatnig mozliwoscig jest tworzenie nowych struktur krzemi-

anowych.

Slowa kluczowe: jony amfoteryczne, zanieczyszczenie metalami, mieszanki gliny z cementem, hydratacja
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