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ABSTRACT 
 
This paper deals with the treatment of hazardous zinc-bearing waste using hydraulic binders and 
silicone polymers, with the aim to allow its safe disposal into landfill. The waste was solidified 
using hydraulic binders in the first step and then encapsulated using silicone polymers. Samples 
were characterised using x-ray fluorescence, x-ray diffraction, and scanning electron microscopy. 
The effectiveness of the process was evaluated by leaching tests in distilled water and in an acidic 
environment according to Toxicity Characteristic Leaching Procedure. The effect of porosity and 
pH on the release of pollutants was also studied. Zinc and chloride were identified as the most 
significant pollutants in the waste. Portland cement did not stabilize them efficiently. The two-
step treatment with Portland cement and silicone binders decreased, in the best case, the 
concentration of zinc and chloride in acidic extracts from 12,400 mg/L and 38,300 mg/L to 21.9 
mg/L and 74 mg/L, respectively, and the treated waste complied with regulatory requirements 
for hazardous waste disposal into landfills. The two-step treatment was also found as a more 
effective method than microencapsulation using a silicone binder alone. The factor that most 
affects leachability appears to be the porosity of the encapsulated waste. 
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1. INTRODUCTION 
 
Industrial processes produce many types of waste, which could pose an elevated risk to the 
environment or human health. They are usually classified as hazardous due to the content of 
toxic components. The amount of industrial hazardous waste produced by 28 European Union 
members was 14,360,000 tonnes in 2018 (Eurostat, 2020; Camenzuli and Gore, 2013; EUROSTAT, 
2010). One of the industrial processes generating hazardous waste is the metal surface plating 
industry producing waste contaminated with heavy metals such as zinc, chromium, or nickel. 
Zinc has been identified as one of the fifty-four material that is important to the EU’s economy, 
and its consumption rate increased by 7% in the last five years (Ng et al., 2016). The galvanising 
process, in which zinc plays a vital role, produces many types of waste collected in different steel 
coating steps. Flux waste and zinc ash are waste, containing mainly zinc and zinc ammonium 
chloride, from the galvanising process, and they are treated to the recovery of metal zinc. Other 
types, which contain a smaller amount of zinc, are disposed on landfills. One of the most used 
waste treatments prior to landfill disposal is the stabilisation and solidification (S/S) method (Ng 
et al., 2016; Cobournestu, 2010). 
 
S/S method is a process which converts a toxic waste into more physically and chemically stable 
form. It is achieved by the additions of various additives or binders to solidify the mixture. 
Moreover, it could produce materials which can be valuable and suitable for many other 
applications. The most used binders are ordinary Portland cement (OPC), activated fly ash and 
coal fluidised-bed combustion ash. It is also the technique used for dealing with contaminants 
such as metals, soluble salts and organic compounds (Rozumova et al., 2015; Silva et al., 2011). 
Furthermore, it has been reported that the use of cement binders reduces the leachability of 
metals such as Fe, Zn, Pb, Cu, Ni and Mn (Song et al., 2013; Malviya and Chaudhary, 2006). 
 
In some cases, the treatment using common hydraulic binders may not be effective as predicted 
because the interactions between waste constituents and the binder particles impede the 
cement hydration process (Kalb, 2004). Zinc is known to slow this process because it interacts 
with the cement clinker grains during hydration. It is probably caused by the thin layer formation 
of zinc hydroxide or crystalline Ca[Zn (OH)3⋅H2O]2 around anhydrous grains (Trezza, 2007; Stumm 
et al., 2005). Other pollutants that slow cement hydration process are chlorides because they 
exceed the cement system’s binding capacity in high concentrations (Lago et al., 2017). They are 
chemically bound in compounds such as Friedel’s salt; however, they can be released in the 
presence of sulphates (Galan and Glasser, 2015; Justnes, 1997). Thus, in many studies, the waste 
was pre-treated by leaching in distilled water before stabilisation/solidification technique 
(Colangelo et al., 2012; Nzihou and Sharrock, 2002). More specific techniques were cationic 
lignin and ettringite for stabilising waste containing chlorides (Gougar et al., 1996; Fink, 2017). It 
has also been reported that retarding effect on cement hydration can be caused by organic 
contaminants which form a protective layer around the cement grains (Pollard et al., 1991; Ge 
et al., 2020; Paria and Yuet, 2006; Zhan et al., 2020). 
 
Some recent studies on S/S of zinc-containing waste (Wang et al., 2020; Zhao et al., 2021; Souza 
Barreto et al., 2020) introduced the usage of red mud, rock solid waste or geopolymers to reduce 
zinc leachability. Various toxic metal immobilisation mechanisms are applied, such as adsorption, 
physical encapsulation, or chemical fixation. As with the use of Portland cement, zinc retention 
is relatively high; however, the residual leachability of zinc is still in the order of tens or hundreds 
of mg/L, which in some countries would not meet the regulatory limits for landfill disposal. The 
solubility of many toxic elements depends on pH, which is one of the mechanisms, which S/S 
technique uses. Thus, metal ions are transformed from soluble form to less or practically 
insoluble form by changing the pH of solution (Hamilton and Sammes, 1999). From the view of 
the leachability zinc ions are very leachable at pH < 8 because they are presented as Zn2+ and at 



pH > 11 are presented as zincate in a solution (Hamilton and Sammes, 1999). Zinc ions form low 
soluble hydroxides between pH values from 8 to 11 (Hamilton and Sammes, 1999; Damir et al., 
2012). Conversely, chlorides leachability was found independent on the pH of the solution in a 
static extraction test by the Quina et al. (2009). Moreover, the presence of salts in a solution 
could increase the leachability of metal ions (van der Sloot and Dijkstra, 2004; Ding et al., 2013). 
 
Another possibility of reducing the toxicity of hazardous wastes is to encapsulate them using 
hydrophobic thermoplastic binders (e.g. bitumen or elementary sulphur), which is a well-known 
technique (Chang, 2001). The advantages of silicone polymers used in this study as the binder 
for encapsulation of waste are their better thermal resistance long term-resistance to weather 
conditions, chemical inertness, and resistance to most chemicals (Labouriau et al., 2015; Miller 
et al., 2000; Yilgor and Yilgor, 2014; Colas, 2005; Sastri, 2014). On the other hand, some silicone 
polymers are known to degrade rapidly in dry soil and undergo UV degradation and are 
susceptible to hydrolysis (Lehmann et al., 2000; Kumagai and Yoshimura, 1999). Therefore, 
silicone polymers with high mechanical and weather resistance, designed for outdoor use should 
be chosen. The silicone polymers are prepared by the polycondensation or polyaddition reaction 
and usually are produced as liquids or in a pasty consistency. A final product (elastomer or resin) 
is then obtained after chemical crosslinking of polymeric chains, which can be achieved either 
using a catalyst, higher temperature or mixing a two-component blend. The crosslinking reaction 
using a catalyst is generally described by the scheme (1). 
 

Si‒H + Si‒OH + catalyst → Si‒O‒Si + H2 (gas)                                        (1) 
 
When these components are mixed together, the formation of Si‒O‒ Si linkage, as the essence 
of silicone binder curing process, take place and hydrogen gas is released (Miller et al., 2000; 
Colas, 2005). The possible use of polysiloxanes was studied by Miller et al. (2000) who has 
reported the capability of two commercial silicone products (RTV 664 and ELECTROGUARD 2100) 
to encapsulate the mixed waste mainly consist of salts and chromium. Their results showed that 
the chromium concentration in leachate exceeded the Universal Treatment Standards (UTS) 
when RTV 664 was used, whereas the second silicone binder showed promising results because 
complied with the required limits for Toxicity Characteristic Leaching Procedure (TCLP) (Miller et 
al., 2000). Another study successfully tested ceramic silicone foam (CSF) on chromium-
contaminated waste containing nitrate salts. The chromium concentration was at about 1 g/L, 
and the samples were successfully stabilised with waste loadings as high as 50% by mass (DOE, 
1999). 
 
The aim of this study is to evaluate the effectiveness of the S/S treatment of residual waste using 
different, commercially available silicone polymers. These commercial products are used for 
toxic waste microencapsulation. The effectiveness of the process is evaluated by leaching test in 
distilled water according to EN 12457-4:2002 and by US EPA TCLP 1311 (EPA, 1992). The studied 
parameters are zinc concentration, the concentration of chlorides and concentration of total 
dissolved solids (TDS). These values are then compared with the limits for landfill disposal set by 
EU council decision 2003/33/EC and by UTS set by Federal Code of Regulations (Title 36 Code of 
Federal Regulations, 2020). 
 
 
  



2. EXPERIMENTAL 
 
2.1. Waste 

The sample of the waste was obtained from a factory near Valencia in Spain. It was collected at 
the end of the galvanising process in which steel pieces gain a thin layer of metal (e.g. zinc) for 
protection against corrosion. The location of the waste collection was under the bag filters, which 
are automatically cleaned by a periodic blast of compressed air (Cobournestu, 2010). The annual 
production of this type of waste is 6678 kg, and it mainly consists of zinc ammonium chloride 
(Valenciana and Mvlat, 2010). According to the European Waste Catalogue (EWC) (EPA, 2002), 
this waste should be classified as hazardous with the code 11 05 03, solid waste from gas 
treatment. 
 
2.2. Silicone polymers 

Silicone polymers used in this study were obtained as samples of commercial products with 
different composition and characteristics as can be seen in Table 1. 
 
N1522 – a two-component silicone rubber produced in the factory Lucebni zavody a.s. Kolin in 
the Czech Republic. It is cured by condensation reaction and needs to be mixed with a catalyst 
to be cured thorough entire mass within a few hours at ambient temperature. 
 
RTV 20 – a condensation silicone rubber produced by Lianhuan Group Limited, Shenzhen, China. 
 
ESSIL 291/292 – a transparent two-component addition-type silicone resin from Sika AG, 
Switzerland. 
 
GMS 2628 – a two-component addition silicone resin from Dawex chemical, Czech Republic. 
 
MM730FG – food-grade silicone moulding rubber from ACC Silicones Ltd., United Kingdom. 
 
 
Table 1 
Basic characterization of silicone polymers according to the product sheets. 
 

 
 
 
2.3. Hydraulic binders 

Ordinary Portland Cement (OPC) II/B-S was obtained from the company CEMMAC Inc. (Horn´e 
Srnie, Slovakia). Ash from fluidised-bed combustion of coal (FBCA) was obtained from the 
heating plant of the city of Zlín (Czech Republic), and its properties were described earlier Table 
1 (Vinter et al., 2016). 
  



2.4. Waste encapsulation using silicone polymers 

Liquid silicone rubber was stirred shortly, or in the case of twocomponent binders (ESSIL 291/292 
and GMS 2628), the two components were mixed in the recommended ratio. Then, the waste in 
an amount ranging from 10% to 70% of the total weight was mixed into the prepared silicone 
binder and homogenised for 5 min by a glass rod in a plastic vessel. In the case of silicones N 
1552 and RTV 20, the catalyst at the recommended dosage (1–1.5 wt% according to product 
sheets) was added, and the mixture was mixed for an additional 5 min. The mixtures were then 
degassed using a water vacuum pump for ten minutes at the pressure 1 kPa and left in closed 
cylindric plastic moulds (diameter 28 mm, height 69 mm) for 72 h to solidify before testing. 
 
2.5. Two-step treatment of zinc waste 

As a first step, the waste was mixed with hydraulic binder and water according to the procedure 
optimised in our previous study (Vinter et al., 2016), and left in closed moulds to solidify and 
harden for 28 days. The content of waste was 62 or 50% of total mixture weight for mixtures 
with OPC (marked as samples A and B), and 33% for the mixture with FBCA (sample C). As a 
second step, solidified waste specimens were crushed down to the particle size < 4 mm and 
encapsulated using a silicone polymer, similarly as described in Section 2.3. The mixing ratio of 
silicones and OPC/FBCA pre-treated waste was 1:1 by weight, so the contents of silicone 
polymers in the final specimens were 50% of the total mass. All samples were prepared and 
tested in triplicates. For a shorter reference, the samples were marked as P1-P10 in the chapter 
Results and discussion. Different approaches used in this study for treating the waste are shown 
in Fig. 1. The red line indicates stabilisation/solidification using hydraulic binders, the blue line 
indicates microencapsulation using silicone polymers, and the grey line indicates two-step 
treatment of zinc waste using both types of binders together. Furthermore, a series of blank 
samples without zinc waste was prepared. The procedures of blank samples preparation were 
identical as preparation of solidified waste samples, except the pure silica sand was used instead 
of waste. 

 
 



 

 

 

Fig. 1. A block scheme of S/S approaches used. 
 



2.6. Acid digestion 

To determine the total content of zinc, plating waste was dissolved using the acid digestion in 
sulphuric acid. The process was performed in the following way: 5 g of sample was weighed and 
put into a beaker with 60 ml of 0.5 M H2SO4. The mixture was stirred for 15 min. The liquid phase 
was then filtered through a 0.45-micron filter and subjected to the chemical analysis. 
 
2.7. Leaching tests 

Leaching tests were based on European standard EN 12457-4:2002 (Kumagai and Yoshimura, 
1999). Samples were extracted using distilled water (or an extraction liquid with the pH set to 
selected value) at the liquid/solid weight ratio 10:1 on a vibrating shaker at the shaking frequency 
150 rpm for 24 h. The liquid phase was then filtered through a 0.45-micron filter and subjected 
to chemical analysis. The limit concentrations of pollutant defined by European regulations 
(European Commision, 2003) were used as the reference values for the assessment. 
 
2.8. Toxicity characteristic leaching procedure 

The untreated waste and selected solidified samples were also evaluated using Toxicity 
Characteristic Leaching Procedure (US EPA Method 1311 (EPA, 1992)). Extraction fluid # 2 (acetic 
acid) with pH 2.88 ± 0.05, liquid/solid ratio 20:1 and extraction time 18 h were used. Universal 
Treatment Standards (UTS) (US EPA, 2016) were applied as the reference values for pollutant 
concentrations. 
 
2.9. Analytical methods 

Total dissolved solids (TDS) were determined according to the standard method ASTM D5907-13 

(ASTM, 2018). A leachate sample of volume of 10 ml was dried-out at 105 C to the constant 
weight, and the concentration of TDS was calculated. The concentrations of heavy metals were 
determined using GBC 933A atomic absorption spectrometer with the air-acetylene flame (GBC 
933 AA, GBC Scientific Equipment Pty. Ltd., Australia). Chloride was determined by the 
argentometric titration with potassium chromate as the indicator. The ammonium was 
determined using the alkalimetric formaldehyde titration method. The pH value was measured 
using the InoLab 730 pH meter equipped with the Sentix 81 glass-electrode (WTW, Germany). X-
ray diffraction (XRD) analysis was carried out on powdered samples using PANalytical Model X′ 

Pert PRO MPD with CuKα radiation source, generated at 40 kV and 40 mA, 2θ range from 5 to 

90. Crystalline phases were identified according to the International Centre of Diffraction Data 
PDF-2. The elementary composition of solids was analysed using an energy-dispersive X-ray 
fluorescence (XRF) spectrometer ElvaX (Elvatech Ltd., Ukraine) equipped with an Rh X-ray tube. 
The instrument settings were as follows: voltage on X-ray tube 10 kV, current 64 µA, and the 
spectrum acquiring time 100 s. Scanning electron microscope (SEM) analysis was carried out 
using a Phenom Pro microscope (Phenom World, United Kingdom) equipped with mini sputter 
coater SC7620 (Quorum, United Kingdom). The samples were coated with a mixture of gold and 
palladium, and then the specimens were analysed at 10 kV. 
 
2.10. The compressive strength measurement 

The compressive strength (CS) of tested solids was measured after 28 days of curing according 
to standard EN 196-1:2005 (EN 196-1, 2016) using a universal laboratory press BSML 21 (Brio 
Hranice, Czech Republic). The tested solids were of the cylinder shape with a diameter of 27 mm 
and height from 57 to 63 mm. The diameter values of each test specimen were computed as the 
averages of 10 measures with precision ± 0.1 mm. 
 
  



2.11. Determination of open porosity 

The percentage of open pores by volume in the solidified samples were determined on the basis 
of mass water saturation measurements according to standard method EN 1936:2007 (EN 1936, 
2007) using Eq. (2). 
 


0
=

𝑚𝑠−𝑚𝑑

𝐿×𝑉𝑆
× 100(%𝑣𝑜𝑙. )                                                              (2) 

 
Where ρ0 – open porosity as a ratio of pore volume and apparent volume of specimen ms – 
weight of saturated specimen (g) md – weight of dry specimen (g) Vs – a bulk volume of the 
cylindrical specimen (cm3) ρL – density of the liquid used for pore saturation (g/cm3). 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. Waste characterisation 

The waste was a fine light grey powder with apparent density 0.80 ± 0.03 g cm−3, particle density 
of 2.10 ± 0.36 g cm−3 and dry mass of 98.4 ± 0.3%. The dry sieve analysis (see Fig. 2) showed the 
most considerable fraction (35.6 ± 0.5%) of particles retained on mesh sieve size 0.2 mm. The 
content of coarse-grained particles with size > 1 mm was 21.7 ± 0.4%. The SEM image of the 
waste sample (Fig. 3) revealed small particles ranging in size from units to tens of microns, 
apparently crystalline with sharp edges, aggregated into larger clusters. The XRD analysis (Fig. 4) 
showed that the most dominant crystalline compounds were zinc-ammonium chlorides and zinc 
oxide. A quantitative analysis of the digested waste sample resulted in composition as follows: 
chlorides 38.3 ± 0.5 wt%, zinc 27.5 ± 0.7 wt% and ammonium ions 14.9 ± 0.5 wt%. Those values 
correspond to an empiric formula (NH4)1.95ZnCl2.55, which is in a fair agreement with the results 
of XRD analysis. According to the spectrum obtained by the XRF measurement (Fig. 5), the 
untreated waste sample contained, besides Zn and Cl as the major compounds, also Ca, Fe and 
Al in amounts estimated on the basis of fundamental parameters calculation to 1.8 ± 0.2, 0.59 ± 
0.03 and < 1.25 wt%, respectively. Trace elements detected by the XRF methods were P, S, Mn 
and Pb, estimated to < 0.25, 0.17 ± 0.09, 0.08 ± 0.02 and 0.03 ± 0.01 wt%, respectively. 
 
 

 
 

Fig. 2. Dry sieve analysis of the untreated waste sample. 
 
  



 
 

Fig. 3. SEM image of the untreated waste sample. 
 

 
 

Fig. 4. XRD pattern of the untreated waste sample. 
 

 
 

Fig. 5. XRF spectrum of the untreated waste sample.  



3.2. Leaching tests of untreated waste 

The results of leaching tests of the untreated waste sample both in distilled water and acetic acid 
solution are shown in Table 2, where the highlighted values did not meet the regulatory levels. 
Even if the waste was extracted in distilled water, the final pH value was below 7, which is 
obviously caused by the slightly acidic nature of ammonium chloride salts. The total zinc content 
determined using acid digestion of the waste sample was 2.75 × 105 mg/kg; however, the 
amounts of zinc extracted in both leaching tests were lower. The leaching test in distilled water 
released only 16.7% (4.6 × 104 mg/kg) of total zinc, in the case of TCLP, it was 45.1% (1.24 × 105 
mg/kg). Chloride ions were leached in higher efficiency - 62.1% and 99.7% in distilled water and 
TCLP tests, respectively. The concentration of total dissolved solids was another parameter, of 
which value did not comply with the limits for the waste acceptance to a hazardous waste landfill 
according to the council decision 2003/33/EC (European Commision, 2003). In addition, the TCLP 
test found an unsatisfactory concentration of lead. All other parameters met the regulatory 
criteria, so the concentrations of Zn, Cl, TDS and Pb were selected as the critical parameters for 
an efficient assessment of the waste treatment process. 
 
Table 2 
Determined values in the water and acetic acid leachate of the waste. 
 

 
 
 
3.3. Characterisation of waste pre-treated with hydraulic binders 

In our previous study (Vinter et al., 2016), a procedure for zinc-bearing waste treatment using 
cementation was proposed; however, that procedure did not comply with the regulatory levels 
for land disposal. Therefore, the best three recipes from that study were selected as a basis for 
a combined cement/silicone treatment. An overview of prepared pre-treated waste mixtures 
together with the results of leaching tests and physical-mechanical properties measurement 
after 28 days of curing can be seen in Table 3. Compared with the untreated waste, the zinc and 
lead concentrations dropped significantly, whereas the chlorides and TDS remain at high levels. 
However, in the TCLP of these mixtures, the concentrations of zinc were an order of magnitude 
higher than in aqueous extracts, and therefore the treatment of waste with cementitious binders 
can be assessed as successful only in terms of lead immobilization. The highest value of 
compressive strength (CS) and the lowest value of porosity were measured for sample B, which 
correlate with the lowest lead leachability in TCLP. 

 



Table 3 
Basic characterization of the mixtures used for the two-step treatment of zinc waste. 
 

 
 



The SEM images of pre-treated samples are shown in Figs. 6–8. Samples treated with OPC show 
an almost continuous but clearly porous structure encapsulating the waste particles. In sample 
B, where a higher dosage of OPC was used, plate-shaped crystals of Portlandite were also 
observed. On the other hand, the sample treated with FBCA shows predominantly separated 
grains, which corresponds to a lower measured value of compressive strength and higher 
porosity. 
 

 
 

Fig. 6. SEM image of the waste pre-treated with OPC (sample A). 
 
 

 
 

Fig. 7. SEM image of the waste pre-treated with OPC (sample B). 
  



 
 

Fig. 8. SEM image of the waste pre-treated with FBCA (sample C). 
 
 
The pre-treated samples A, B and C were crushed and then analysed using XRD technique. As 
shown in Fig. 9, the XRD analysis of the pretreated waste sample showed that the dominant 
crystalline phases were the same as in the untreated waste. In the case of FBCA binder (sample 
C), an additional band of calcium sulphate (CaSO4) was detected, that agree with expected FBCA 
composition, as it should contain flue-gas desulphurisation products (Vondruska et al., 2001). On 

the other hand, there are missing bands at 2θ = 37 in the treated waste sample XRD patterns 
compared to the untreated waste. It could be caused by chemical reactions of calcium oxide 
contained in binders with zinc-ammonium chloride in the pre-treatment procedure. A release of 
ammonia was also observed by smell during the mixing waste with hydraulic binders. This 
unwanted phenomenon should be easily solved by means of air cleaning, or even generated 
ammonia could be isolated and utilised; however, it was not the subject of this study. 
 
 
 

 
 
Fig. 9. XRD patterns of the pre-treated samples A and C in comparison with the untreated waste. 
 
 
  



3.4. Evaluation of blanks samples 

The results of blank samples are summarised in Table 4. As can be seen from the table, zinc was 
released from some silicone binders up to concentration 15 mg/L in the case of GMS2628. It is 
probably due to zinc oxide pigments used in those silicone binders. However, all observed values 
in leaching test of blank samples met the regulatory limits for landfills. The values of compressive 
strength for silicone blanks could not be measured due to the elastic properties of the silicone 
rubber. The highest value of compressive strength was measured for the blank sample with 
Portland cement corresponding to pre-treated sample B, which also correlate with the best S/S 
efficiency of that sample. The results emerged that the most porous blank samples were those 
which were prepared using OPC as a binder. Nevertheless, the lowest porosity in the set of 
hydraulic binder blanks was found in sample OPC B, which is in a good agreement with the best 
value of compressive strength. The blank silicone samples showed low values of porosity around 
2%. 
 



Table 4 
Measured parameters of blank samples. 
 

 
 



3.5. Encapsulation using silicone polymers 

In total, 35 solidified samples were prepared with different waste loadings and different silicone 
binders. It was determined that the zinc concentration, shown in Fig. 10, decreased sharply at 
the binder content around 30 wt%, that was probably caused by the formation of the monolithic 
specimen in which waste particles were encapsulated, and the most of open pores were filled 
with the silicone binder. The zinc concentration range in the leachates of solidified waste varied 
from 40 to approximately 5000 mg/L. The best results were obtained for samples containing the 
silicone binder RTV20 or GMS 2628, where the lowest measured values of zinc concentration 
were 40 mg/L and 110 mg/L, respectively, that were nearly an order of magnitude less in 
comparison with the results of waste treatment using hydraulic binders (see Table 3). Despite 
the fact the zinc concentrations decreased with an increasing amount of the silicone binder at 
all samples, no sample has met the class III limit value for land disposal, which is set to 20 mg/L 
(European Commision, 2003). There were observed no significant differences between the 
condensation (RTV20, N1522) and addition (GMS2628, ESSIL, MM730FG) type silicone binders 
at low binder contents. At the binder content at least 40%, the zinc immobilisation was clearly 
higher in the case of RTV20, compared to all other binders. 
 

 
 
Fig. 10. The dependency of zinc concentration in the leachate of encapsulated waste on the 
silicone binder content (logarithmic scale). 
 
 
The concentration of chloride ions, as can be seen in Fig. 11, decreased approximately from 29 
g/L to 280 mg/L, depending on the silicone binder content. All silicone binders showed similar 
trends, except the case of RTV20, that seemed to be more effective than other silicones at the 
binder contents over 30%, as was already observed for zinc concentration. Samples of waste 
encapsulated using N1522, compared with other silicone binders, showed a significantly lower 
value of the chloride concentration at the initial binder loading; however, the class III limit value 
for the chloride concentration (European Commision, 2003) was met at the binder contents 35–
50%, depending on the binder used, with the best value for RTV20. The lowest concentration of 
chlorides, of 283 mg/L, was found for the sample containing 70 wt% of the RTV20 binder. As a 
result, all samples with more than 50 wt% of a silicone binder loading could be considered 
sufficiently productive from the viewpoint of immobilisation of chlorides. A similar observation 
was also reported by Miller et al., which treated waste containing a high amount of salts using 
vinyl-methyl-polysiloxane (Duirk and Miller, 2002). Thus, the results indicated that silicone 
polymers were capable of chloride immobilisation with higher efficiency than the hydraulic 
binders.  



 
 
Fig. 11. The dependency of chloride concentration in the leachate of encapsulated waste on the 
silicone binder content (logarithmic scale). 
 
 
As shown in Fig. 12, the concentration of total dissolved solids (TDS) decreased from 37 g/L to 
280 mg/L. A marginal decrease was observed up to 20 wt% of the binder dosage for all silicone 
binders. The lowest TDS concentration was determined at 70 wt% silicone loadings, and all 
samples with 30 wt% or more of the binder met the class III limit value for TDS (European 
Commision, 2003). Observed trends in TDS concentrations were very similar to zinc and chloride 
concentrations plots, including a slightly different behaviour of RTV20 binder. 
 
 

 
 
Fig. 12. The dependency of TDS concentration on the binder addition in the leachate using 
different silicone polymers. 
 
 
To conclude, the silicone binder RTV20 showed the best efficiency for waste encapsulation using 
a one-step treatment procedure. The observed values of pollutant immobilisation were 
significantly higher than the waste treatment using hydraulic binders, reaching over 97%. 
Nevertheless, the treated waste did not meet the zinc concentration regulatory level for landfill 
disposal. Therefore, in the next stage, a two-step treatment of the waste was studied.  



3.6. Solidification using two-step treatment 

The purpose of the two-step treatment was to improve the process of the zinc-containing waste 
stabilisation/solidification, which was effective in case of a single binder usage, but not sufficient 
in terms of regulatory limits. Table 5 presents the evaluation results of 10 samples of waste 
treated by the two-step procedure with different binders. Parameters that did not meet a class 
III regulatory limit are underlined, and the highlighted lines represent samples that complied 
with all limit values. The sample P9 was found as the best one with the zinc concentration in the 
leachate 0.5 mg/L, whereas the waste treated only by OPC showed value 379 mg/L. Other 
experimental results of test solids determined that most silicone test solids prepared using the 
addition of silicone polymers performed well under the given set of experimental conditions. All 
studied parameters were below the III leachate class limit criteria for land disposal. However, the 
test solids prepared from the condensation type of silicone polymers were sufficiently treated in 
only two cases. Five samples met all tested limit values, which means that such a treated waste 
could be disposed of in a landfill. However, the samples that showed the concentration of 
chloride ions above the limit could also be considered an effective treatment because they met 
the limit criteria for the concentration of dissolved solids. It was also found that the addition of 
silicone polymers (ESSIL and GMS) was for the purpose of two-step solidification a more suitable 
than those of condensation type (RTV20 and N1522). 

 



Table 5 
The nomenclature of samples used in a two-step treatment and the results of studied parameters. 
 

 

 



For comparison, the SEM image of the cut of the sample P8 (OPC + ESSIL) is shown in Fig. 13. 
Grains coated with a continuous phase of silicone polymer are clearly visible. The pores are 
insulated, preventing easy penetration of water into the matrix, and ensuring effective 
encapsulation. As a result, the silicone polymers showed the ability to form a secondary barrier 
surrounding the solidified particles of the zinc waste pre-treated with common hydraulic binders. 
The immobilisation of observed pollutants in the two-step treatment procedure could be rated 
as effective in the case of waste pre-treatment with OPC and encapsulation with GMS silicone 
binder. The encapsulation of waste pretreated with FBCA was rated as less effective, despite the 
low zinc concentrations, because the chloride ions were leached out. The incorporation of waste 
into a silicone polymer matrix was also evaluated by porosity measurement. The results 
demonstrated that open porosity values are very low and close to the values of blanks, which 
confirmed the quality of the encapsulation process. The low porosity and continuous layer of 
encapsulation silicone binder were found as the main mechanisms for decreasing the 
leachability of pollutants contained. Above mentioned results demonstrated that silicone 
binders can encapsulate zinc-containing waste effectively. 
 

 
 
Fig. 13. SEM image of a sample cut of waste treated with OPC and silicone binder (sample P8). 

 
 
3.7. Evaluation using the TCLP procedure 

The results of the TCLP leaching test of selected samples are shown in Table 6. As can be seen, 
the change of pH value of the extraction liquid significantly increased the zinc concentration in 
the leachate compared to leaching test in distilled water. A correlation between pH value at the 
end of the leaching test with the concentration of both zinc and chlorides indicated that the 
crucial influence on the leachability is the quality of waste particles encapsulation. A contact of 
extraction acid with an imperfectly encapsulated waste particle on the test specimen surface or 
in an open pore is manifested by the neutralisation of the acid (an increase of the pH value) and 
simultaneously by the pollutants leaching (an increase of Zn and Cl concentrations). The changes 
in leachability between samples are probably not pH-controlled because pH values closer to the 
neutral should lead to lower zinc solubility, and the chloride concentration should be nearly 
independent on pH. The best encapsulation efficiency in the TCLP test was obtained for the 
sample P8 (OPC pre-treatment + ESSIL silicone binder), which was the third-best in the distilled 
water leaching test. The action of acetic acid on silicone polymers did not show observable 
deteriorations on the surface. The TLCP procedure confirmed the previous observation that 
waste particles are encapsulated by silicone polymers; however, these particles can be more 
easily washed off from material due to a more acidic environment. A comparison of the TCLP 



results with UTS (US EPA, 2016) showed that the zinc concentration in the leachate of none 
sample tested met the limit value (4.6 mg/L). Other measured elements concentration was 
mostly negligible except lead concentration at sample P3 and P4, but these concentrations were 
still below the UTS limits. 

 



Table 6 
The results obtained using TCLP. 
 

 
 



3.8. Influence of pH value and porosity on zinc leaching 

To analyse the influence of pH on the leaching of pollutants, a series of leaching tests was carried 
out using extraction solutions with the initial pH value of 1, 4, 7, 10 or 12.5. The solid-liquid ratio 
was maintained at L/S = 10. The results for the selected samples are shown in Fig. 14. As can be 
seen, the highest zinc concentrations were measured at pH 1 and 12.5 with a local minimum in 
a slightly alkaline environment. However, as can also be seen in Fig. 14, those concentration 
maxima in a strongly acidic/basic environment increase rapidly with increasing sample porosity. 
The zinc leachability is governed by the solubility of the metal hydroxides, which is a well-known 
effect. The solubility in the high alkaline environment is caused by a formation of soluble zincates 
(Dutra et al., 2006). Nevertheless, in the case of waste encapsulation with silicone binders, the 
porosity of the sample has a decisive influence on the leachability of zinc. The leachability of 
chlorides and TDS was not so dependent on pH values, which agreed with the observation by 
other authors, for example, Quina et al. (2009). In the leaching test according to EN 12457-4, the 
final pH values of extracts were between 7.8 and 8.7, that means the zinc was probably 
presented in the form of zinc cations in the solution. The lowest zinc concentrations were 
measured for the sample with the highest pH value. On the other hand, the dependence of zinc 
concentration on the pH value could be only a correlation, as a better encapsulation and lower 
porosity of a sample means a lower leachability of both the zinc ions from the waste and 
hydroxide ions from cement. Thus, the zinc leachability is a more likely controlled by the sample 
porosity, as indicated the TCLP results where the best two samples were the samples with the 
lowest measured values of open porosity. 
 
 

 
 

Fig. 14. Influence of pH value and sample porosity on the zinc leachability. 
 
 
  



4. CONCLUSIONS 

• The encapsulation of the waste with a high zinc content using silicone binders provided a better 
immobilisation efficiency for zinc, chlorides, and dissolved solids than the solidification using 
hydraulic binders, however, did not comply with the regulatory limit value for zinc. 

• The combined two-step treatment of the waste using hydraulic binders and silicone polymers 
improved the pollutant immobilisation efficiency and met the regulatory limit values in the 
aqueous leaching test for all pollutants observed. 

• Although the leachability of zinc is highly pH dependent, the releasing of zinc is controlled 
rather by the porosity of the encapsulated waste than its solubility in acids or bases. 
 
 
 
Acknowledgement 
This work was supported by the internal grant of Tomas Bata University in Zlín, Czechia (No. 
IGA/FT/2017/003). 
 
  



References 

ASTM, 2018. Standard Test Methods for Filterable Matter (Total Dissolved Solids) and 
Nonfilterable Matter (Total Suspended Solids) in Water, Am. Soc. Test. Mater. D5907-18. West 
Conshohocken, PA, pp. 1–10. doi:10.1520/D5907-18. 

Camenzuli, D., Gore, D.B., 2013. Immobilization and encapsulation of contaminants using silica 
treatments: a review. Remediat. J. 24, 49–67. https://doi.org/10.1002/ rem.21377. 

Chang, H.O., 2001. Hazardous and Radiocative Waste Treatment Technologies Handbook. CRC 
Press, Boca Raton. ISBN 9780849395864. 

Cobournestu, 2010. Raw & Waste Materials. http://www.telford.gov.uk/downloads/file 
/2263/attachment_8_raw_materials_and_waste. 

Colangelo, F., Cioffi, R., Montagnaro, F., Santoro, L., 2012. Soluble salt removal from MSWI fly ash 
and its stabilization for safer disposal and recovery as road basement material. Waste Manag. 
32, 1179–1185. https://doi.org/10.1016/j. wasman.2011.12.013. 

Colas, A., 2005. Silicones: preparation, properties and performance, dow corning. Life Sci. 1–14. 
Corpus ID: 29487380. 

Damir, B., Pero, D., Petar, K., 2012. Evaluation of leaching behavior and immobilization of zinc in 
cement-based solidified products. Hem. Ind. 66, 781–786. 

Ding, Z., Chen, Q., YIN, Z., LIU, K., 2013. Predominance diagrams for Zn(II)– NH3–Cl–H2O system. 
Trans. Nonferrous Met. Soc. China 23, 832–840. https://doi. org/10.1016/S1003-6326(13)62536-
4. 

DOE, 1999. Stabilize High Salt Content Waste Using Polysiloxane Stabilization, DOE/ EM-0474, 
Idaho. https://frtr.gov/costperformance/pdf/itsr2045.pdf. 

Duirk, S., Miller, C.M., 2002. Encapsulation of nitrate salts using vinylmethylpolysiloxane. In: 
Tedder, D.W., Pohland, F.G. (Eds.), Emerging Technologies in Hazardous Waste Management 8. 
Springer US, Boston, MA, pp. 199–206. https://doi.org/10.1007/0-306-46921-9_17. 

Dutra, A.J.B., Paiva, P.R.P., Tavares, L.M., 2006. Alkaline leaching of zinc from electric arc furnace 
steel dust. Miner. Eng. 478–485. https://doi.org/10.1016/j. mineng.2005.08.013. 

EN 12457-4, 2002. Characterization of waste-leaching-compliance test for leaching of granular 
waste materials andsludges – Part 326 4: One stage batch test at a liquid to solid ratio of 10L/kg 
for materials with particle size below 10 mm (without or with sizereduction). 

EN 1936, 2007. Natural Stone Testmethods - Determination of Real Density and Apparent 
Density, and of Total Andopen Porosity. 

EN 196-1, 2016. Methods of Testing Cement - Part 1: Determination of Strength. EPA, 1992. SW-
846 Test Method 1311: Toxicity Characteristic Leaching Procedure. doi:1 
0.1017/CBO9781107415324.004. 

EPA, 2002. European Waste Catalogue and Hazrdous Waste List, 49. http://www.nwcpo. 
ie/forms/EWC_code_book.pdf. 

European Commision, 2003. Council decision 2003/33/EC which establishes crtiteria and 
procedures for the acceptance of waste at landfills. Off. J. Eur. Communities L11, 27–49. 

EUROSTAT, 2010. Environmental Statistics and Accounts in Europe, European Union. 
doi:10.2785/48676. 

Eurostat, 2020. Generation of Waste by Waste Category, Hazardousness and NACE Rev. 2 Activity. 
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_wasgen. 

https://frtr.gov/costperformance/pdf/itsr2045.pdf
https://doi.org/10.1007/0-306-46921-9_17
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_wasgen


Fink, J.K., 2017. 5.9.2 Chloride Ion Scavenging, Addit. High Perform. Appl. Chem. Appl. ISBN978-
1-119-36361-3. 

Galan, I., Glasser, F.P., 2015. Chloride in cement. Adv. Cem. Res. 27, 63–97. https://doi. 
org/10.1680/adcr.13.00067. 

Ge, S., Pan, Y., Zheng, L., Xie, X., 2020. Effects of organic matter components and incubation on 
the cement-based stabilization/solidification characteristics of leadcontaminated soil. 
Chemosphere 260, 127646. https://doi.org/10.1016/j. chemosphere.2020.127646. 

Gougar, M.L.D., Scheetz, B.E., Roy, D.M., 1996. Ettringite and C-S-H portland cement phases for 
waste ion immobilization: a review. Waste Manag. 16, 295–303. https:// doi.org/10.1016/S0956-
053X(96)00072-4. 

Hamilton, I.W., Sammes, N.M., 1999. Encapsulation of steel foundry bag house dusts in cement 
mortar. Cem. Concr. Res. 29, 55–61. https://doi.org/10.1016/S0008-8846 (98)00169-0. 

Justnes, H., 1997. A Review of Chloride Binding in Cementitious Systems, 21. 

Kalb, P., 2004. Organic Polymers for Stabilization/Solidification. In: Stab. Solidif. Hazardous, 
Radioact. Mix. Wastes. CRC Press, pp. 79–96. https://doi.org/10.1201/ 9781420032789.ch5. 

Kumagai, S., Yoshimura, N., 1999. Influence of single and multiple environmental stresses on 
tracking and erosion of RTV silicone rubber. IEEE Trans. Dielectr. Electr. Insul. 6, 211–225. 
https://doi.org/10.1109/94.765912. 

Labouriau, A., Robison, T., Meincke, L., Wrobleski, D., Taylor, D., Gill, J., 2015. Aging mechanisms 
in RTV polysiloxane foams. Polym. Degrad. Stab. 121, 60–68. https:// 
doi.org/10.1016/j.polymdegradstab.2015.08.013. 

Lago, F.R., GonA\Salves, ˜ J.P., Dweck, J., da Cunha, A.L.C., 2017. Evaluation of influence of salt in 
the cement hydration to oil wells. Mater. Res. 20, 743–747. https://doi. org/10.1590/1980-5373-
mr-2017-0049. 

Lehmann, R.G., Miller, J.R., Kozerski, G.E., 2000. Degradation of silicone polymer in a field soil 
under natural conditions. Chemosphere 41, 743–749. https://doi.org/ 10.1016/S0045-
6535(99)00430-0. 

Malviya, R., Chaudhary, R., 2006. Leaching behavior and immobilization of heavy metals in 
solidified/stabilized products. J. Hazard. Mater. 137, 207–217. https://doi. 
org/10.1016/j.jhazmat.2006.01.056. 

Miller, C.M., Duirk, S.E., Gardner, K.H., 2000. Chromium leaching from a silicone 
foamencapsulated mixed waste surrogate. Environ. Sci. Technol. 34, 455–460. https:// 
doi.org/10.1021/es9812958. 

Ng, K.S., Head, I., Premier, G.C., Scott, K., Yu, E., Lloyd, J., Sadhukhan, J., 2016. A multilevel 
sustainability analysis of zinc recovery from wastes. Resour. Conserv. Recycl. 113, 88–105. 
https://doi.org/10.1016/j.resconrec.2016.05.013. 

Nzihou, A., Sharrock, P., 2002. Calcium phosphate stabilization of fly ash with chloride extraction. 
Waste Manag. 22, 235–239. https://doi.org/10.1016/S0956-053X(01) 00074-5. 

Paria, S., Yuet, P., 2006. Solidification-stabilization of organic and inorganic contaminants using 
Portland cement: a literature review. Environ. Rev. 14, 217–255. https://doi.org/10.1139/A06-
004. 

Pollard, S.J.T., Montgomery, D.M., Sollars, C.J., Perry, R., 1991. Organic compounds in the cement-
based stabilisation/ solidification of hazardous mixed wastes—mechanistic and process 
considerations. J. Hazard. Mater. 28, 313–327. https://doi.org/10.1016/0304-3894(91)87082-D. 

https://doi.org/10.1109/94.765912
https://doi.org/10.1016/j.resconrec.2016.05.013
https://doi.org/10.1139/A06-004
https://doi.org/10.1139/A06-004
https://doi.org/10.1016/0304-3894(91)87082-D


Quina, M.J., Bordado, J.C.M., Quinta-Ferreira, R.M., 2009. The influence of pH on the leaching 
behaviour of inorganic components from municipal solid waste APC residues. Waste Manag. 29, 
2483–2493. https://doi.org/10.1016/j. wasman.2009.05.012. 

Rozumova, L., Motyka, O., Cabanova, K., Seidlerova, J., 2015. Stabilization of waste bottom ash 
generated from hazardous waste incinerators. J. Environ. Chem. Eng. 3, 1–9. 
https://doi.org/10.1016/j.jece.2014.11.006. 

Sastri, V.R., 2014. Other polymers: styrenics, silicones, thermoplastic elastomers, biopolymers, 
and thermosets. Plast. Med. Devices 215–261. https://doi.org/ 10.1016/B978-1-4557-3201-
2.00009-4. 

Silva, M.A.R., Testolin, R.C., Godinho-Castro, A.P., Correa, A.X.R., Radetski, C.M., 2011. 
Environmental impact of industrial sludge stabilization/solidification products: chemical or 
ecotoxicological hazard evaluation? J. Hazard. Mater. 192, 1108–1113. 
https://doi.org/10.1016/j.jhazmat.2011.06.019. 

Song, F., Gu, L., Zhu, N., Yuan, H., 2013. Leaching behavior of heavy metals from sewage sludge 
solidified by cement-based binders. Chemosphere 92, 344–350. https://doi. 
org/10.1016/j.chemosphere.2013.01.022. 

Souza Barreto, L.S., Ghisi, E., Godoi, C., Oliveira, F.J. Santos, 2020. Reuse of ornamental rock solid 
waste for stabilization and solidification of galvanic solid waste: optimization for sustainable 
waste management strategy. J. Clean. Prod. 275, 122996 
https://doi.org/10.1016/j.jclepro.2020.122996. 

Stumm, A., Garbev, K., Beuchle, G., Black, L., Stemmermann, P., Nüesch, R., 2005. Incorporation 
of zinc into calcium silicate hydrates, part I: formation of C-S-H(I) with C/S=2/3 and its isochemical 
counterpart gyrolite. Cem. Concr. Res. 35, 1665–1675. 
https://doi.org/10.1016/j.cemconres.2004.11.007. 

Title 36 Code of Federal Regulations, 2020. Landifll Disposal Restrictions, pp. 276–284. 
https://www.govinfo.gov/content/pkg/CFR-2019-title40-vol29/pdf/CFR-2019-title 40-vol29-
sec268-48.pdf. 

Trezza, M.A., 2007. Hydration study of ordinary portland cement in the presence of zinc ions. 
Mater. Res. 10, 331–334. https://doi.org/10.1590/S1516- 14392007000400002. 

US EPA, 2016. Land Disposalrestrictions Phase II—Universal Treatment Standards, and Treatment 
Standards for Organic Toxicity Characteristics Wastes and Newly Listed Wastes, Final Rule, Title 
40 Code Fed. Regul (CFR), Part 268-28, 1. 

Valenciana, C., Mvlat, I.-, 2010. Conselleria de Medi Ambient, Aigua, Urbanisme i Habitatge 
Conselleria de Medio Ambiente, Agua, Urbanismo y Vivienda, pp. 36437–36448. 

van der Sloot, H., Dijkstra J.J., 2004. Development of Horizontally Standardized Leaching Tests 
Forconstruction Materials: a Material Based or Release Based Approach? Identicalleaching 
Mechanisms for Different Materials doi:10.13140 /rg.2.2.11986.76486. 

Vinter, S., Montanes, M.T., Bednarik, V., Hrivnova, P., 2016. Stabilization/solidification of hot dip 
galvanizing ash using different binders. J. Hazard. Mater. 320, 105–113. 
https://doi.org/10.1016/j.jhazmat.2016.08.023. 

Vondruska, M., Bednarik, V., Sild, M., 2001. Stabilization/solidification of waste ferrous sulphate 
from titanium dioxide production by fluidized bed combustion product. Waste Manag. 21, 11–
16. https://doi.org/10.1016/S0956-053X(00)00075-1. 

https://doi.org/10.1016/j.jece.2014.11.006
https://doi.org/10.1016/j.jhazmat.2011.06.019
https://doi.org/10.1016/j.jclepro.2020.122996
https://doi.org/10.1016/j.cemconres.2004.11.007
https://doi.org/10.1016/j.jhazmat.2016.08.023
https://doi.org/10.1016/S0956-053X(00)00075-1


Wang, F., Pan, H., Xu, J., 2020. Evaluation of red mud based binder for the immobilization of 
copper, lead and zinc. Environ. Pollut. 263, 114416 https://doi. 
org/10.1016/j.envpol.2020.114416. 

Yilgor, E., Yilgor, I., 2014. Silicone containing copolymers: synthesis, properties and applications. 
Prog. Polym. Sci. 39, 1165–1195. https://doi.org/10.1016/j. progpolymsci.2013.11.003. 

Zhan, B.J., Li, J.-S., Xuan, D.X., Poon, C.S., 2020. Recycling hazardous textile effluent sludge in 
cement-based construction materials: Physicochemical interactions between sludge and 
cement. J. Hazard. Mater. 381, 121034 https://doi.org/ 10.1016/j.jhazmat.2019.121034. 

Zhao, S., Xia, M., Yu, L., Huang, X., Jiao, B., Li, D., 2021. Optimization for the preparation of 
composite geopolymer using response surface methodology and its application in lead-zinc 
tailings solidification. Constr. Build. Mater. 266, 120969 
https://doi.org/10.1016/j.conbuildmat.2020.120969. 


