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Abstract:  The aim of the research presented in the paper was to evaluate the feasibility of using hydrophobic 
preparations based on organosilicon compounds for protection treatment of lightweight aggregates modified with 
municipal sewage sludge. Issues related to the wettability of the surface layer of hydrophobised  
lightweight-aggregate concrete supplemented with sewage sludge are discussed in the paper. The experimental 
part of the study is focused on the physical and mechanical characteristics of lightweight-aggregate concrete and 
the effect of two hydrophobic preparations on the contact angle of the material. The contact angle for lightweight 
concrete (θw) was determined as a function of time using one measurement liquid. The hydrophobic coatings in 
the structure of lightweight concrete modified with sewage sludge were shown using electron microscopy. The 
investigations demonstrated the effectiveness of hydrophobisation of porous lightweight concretes. On the 
hydrophobic surfaces, the contact angles decreased with time and depended on the preparations used. The results 
of the research confirm the possibility to produce lightweight aggregate-concretes modified with sewage sludge 
with appropriate surface protection against external moisture. 
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Introduction 

Given the existing legal norms and standardisation of the EU regulations of 
environmental protection, management of sewage sludge has become an important 
economic, ecological, and technological issue [1]. This is a growing problem due to the fact 
that introduction of new and more efficient methods for biological wastewater treatment by 
removal of biogens and organic carbon compounds with the use of activated sludge results 
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in increased production of sludge in the existing wastewater treatment plants. New 
wastewater treatment plants that are being established in the individual provinces and across 
the country generate additional quantities of sewage sludge. One of the examples of the 
numerous problems concerning the increased production of sewage sludge is the municipal 
wastewater treatment plant in Lublin. The “Hajdow” plant collecting sanitary and industrial 
wastewater from the cities of Lublin, Swidnik, and surrounding areas is  
a mechanical-biological wastewater treatment plant employing the activated sludge 
technology. Sludge formed during the wastewater treatment process (primary and excess 
sludge) is dewatered, subjected to mesophilic fermentation, and compacted. The rate of 
wastewater treatment is on average 65 000 m3/day and the amount of fermented sludge 
reaches approximately 600 m3/day [2]. This shows that the amount of produced sludge is 
considerable and highlights the necessity to search for a new possibilities of disposal and 
management thereof, besides the existing solutions, ie thermal utilisation [3, 4] as well as 
natural management and agricultural use [5, 6]. It should be mentioned here that sewage 
sludge from large municipal wastewater treatment plants containing eg heavy metals will 
not necessarily be suitable for the use in land application and agriculture [7]. In such a case, 
one of the ways of utilisation of this type of sewage sludge involves application thereof for 
production of building materials eg lightweight aggregate [8-10], in which it serves  
a function of a bulking agent and contributes to the highly porous texture of sintered 
ceramics. Lightweight aggregate can be used to produce energy-efficient [11-13], ecological 
lightweight-aggregate concrete blocks for building construction. Sludge has also been 
successfully applied in manufacturing of ceramic bricks, as reported in [14]. 

Lightweight-aggregate concrete modified with sewage sludge and used for production 
of energy-efficient blocks is characterised by higher porosity and water absorption capacity 
than its commercial counterpart, which is related to the porous structure of lightweight 
aggregate containing sewage sludge [10]. This poses a major problem while designing the 
composition of lightweight-aggregate concrete mixes. In the ready product, it causes 
capillary water transport [15], which has a significant effect on the heat flow process by 
inducing a several-fold increase in thermal conductivity of materials [16-18]. 

Moisture damage is a major factor in deterioration of building materials [19, 20]. One 
of the methods used to protect the lightweight aggregate-concrete surface is 
hydrophobisation [21, 22]. It causes a decrease in capillary water absorption, thus allowing 
free vapour permeability. Preparations based on organosilicon compounds, siloxanes, or 
methyl silicone resins [23, 24] are used for hydrophobisation of concrete most frequently. 
Also, it ought to be mentioned here that polymer-cement concretes (PCC) obtained by 
addition of a polymer, oligomer, or monomer of the above mentioned substances to the 
concrete mix have gained increasing popularity. The resulting concretes are characterised 
by better workability of the mix and higher tensile strength than that of ordinary concrete 
[25]. Polymer impregnated concretes (PIC) produced by impregnation of hardened concrete 
with a mentioned monomer or prepolymer are popular in the existing facilities. 

There are literature reports on the application of silanes for modification of the material 
surface [26, 27] or in concrete [28] or mortar [29-31] mixes. These compounds ensure 
hydrophobicity of concrete surfaces against water and repellence of corrosive compounds, 
eg water-soluble salts [32]. The wettability of building materials towards liquids is of 
particular importance for hydrophobisation and impregnation thereof and for the 
effectiveness of anti-graffiti agents devised for cleaning surfaces. 
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The contact angle of materials is an indicator of their wettability properties [33]. High 
wettability occurs at a low contact angle < 90°, and hydrophobicity at a high contact  
angle > 90°. The contact angle can be used to determine surface tension [34] and define 
surface free energy (SFE) [35] and adhesion operation [36]. Specific adhesion can be 
evaluated by studying the interfacial and surface forces acting at the interface, which 
specifies the conditions for good wettability and spreading. Good wettability contributes to 
a better fulfilling of the concrete surface profile by the repair material [37]. 

The contact angle is influenced by a variety of factors, eg surface roughness and 
contamination, surface homogeneity, modulus of elasticity of the analysed material, type of 
the measurement liquid, size of measurement liquid droplets, moisture, or ambient 
temperature [38]. There are many methods of determination of the contact angle. The most 
common of these include the air bubble method, the geometrical method, the method of the 
capillary rise of the liquid in the sample, and the method of direct measurement [33].  
A popular method for determination of the contact angle is the direct measurement with the 
use of a contact angle analyser or goniometer [39, 40]. 

Depending on the characteristics of impregnating preparations, it is possible to 
decrease or increase the contact angle as well as the surface tension of the material, thereby 
providing them with hydrophobicity, which is associated with eg chemical corrosion 
resistance and frost resistance. 

Analysis of the structure of the surface layer of impregnated lightweight-aggregate 
concretes modified with sewage sludge in terms of their wettability will allow evaluation of 
eg the behaviour of the material in the presence of water and corrosive compounds. When 
considerable resistance of the surface layer of lightweight concretes to the action of  
a corrosive environment is required, it is advisable that formulations ensuring the greatest 
angle should be used. 

Materials and methods 

Concrete mixtures 

The basic components of the lightweight-aggregate concrete mixture were cement 
CEM I 32.5 R, lightweight aggregates with sewage sludge (8-16 mm), sand (0-2 mm), and 
water from the municipal water supply system. Concrete samples were prepared on the basis 
of a formula established experimentally based on standards EN 206-1:2003 [41] and  
PN-B-06265:2004 [42]. 

The composition of the lightweight concrete per 1 m3 was as follows: cement -  
288.7 kg, sand - 483.7 kg, aggregate with sewage sludge - 557 kg, water - 230 kg. 

After mixing the components thoroughly and after placing the concrete in molds, it was 
compacted on a vibrating table. Samples with the following dimensions: 150×150×150 mm 
were formed directly after concrete compounds had been mixed. They were condensed  
in two layers by vibrations until the cement grout appeared at the surface of the mortar. All 
the samples were protected against moisture loses and had been stored for 24 hours in the 
temperature about 23°C until stripping. Then they were placed in a water container for  
a period of 14 days. Later, the samples were kept in constant laboratory conditions to fulfil 
the period of 28 days of maturing to be ready for further examinations. 

Figure 1 presents a fracture of lightweight aggregate grains with sewage sludge and 
sample of lightweight-aggregate concrete after assessment frost-resistance test. 
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 a)  

 

b) 

  
Fig. 1. Samples used for examinations: a) lightweight aggregate with sewage sludge burnt at  

a temperature of 1150°C - fracture, b) sample of lightweight-aggregate concrete with sewage 
sludge after 30 freezing cycles 

The exact characteristics of the sewage sludge and the lightweight aggregate were 
presented by the authors of this article in publication [10]. The tested material used for 
production of lightweight aggregate was sewage sludge taken from the municipal 
wastewater treatment plant “Hajdow” in Lublin and clay. The sewage sludge from the 
wastewater treatment plant used for production of the lightweight aggregate was 
characterised by 80.43% moisture, 750 mg CaCO3/dm3 alkalinity, pH 7.68, VFA -  
92 mg/dm3, COD - 13642.3 mg O2/dm3, 19.57% dry weight, 60.65% loss on ignition, 
39.35% residue on ignition, and 0.795 g/cm3 density. Analysis of the content of heavy 
metals in the sewage sludge indicated presence of 1.539 ppm of cadmium,  
14 ppm of chromium, 8.1 ppm of nickel, and 4.9 ppm of lead ions [10]. 

Sewage sludge was dried to constant mass at a temperature of 105°C; next, it was 
ground in a mortar grinder to the fraction below 1.0 mm. After grinding, the dried sludge 
was supplemented with clay (90% by weight) in the amount of 10% by weight. The process 
leading to homogeneity of the substance involved mixing the components with  
a corresponding portion of water until achievement of plastic consistency. Next, the formed 
balls of the 8 to 16 mm coarse fraction were dried to the air-dry state and placed  
in a laboratory oven at 110°C for 2 h. The dried samples were placed in a chamber furnace 
and burnt at 1150°C for 30 minutes. 

The physical and mechanical properties of the lightweight aggregate are presented  
in Table 1. 

 
Table 1 

Physical and mechanical properties of the lightweight aggregate burnt at the temperature of 1150°C 

Parameter Value Parameter Value 
Dry particle density ρd [kg/m3] 2620 Porosity [%] 70 

Apparent particle density ρa [kg/m3] 880 Frost resistance [%] 2.0 
Bulk density ρb [kg/m3] 510 Resistance to crushing Xr [%] 32.1 
Absorption capacity [%] 17.8   
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Properties of lightweight-concrete 

The physical and mechanical properties of the lightweight-aggregate concrete were 
determined on the basis of standards EN 1936:2010 [43], PN-EN 1389:2005 [44],  
PN-EN 12390-7:2011P [45] and PN-B-06250:1988 [46]. 

Hydrophobic materials used 

Two commonly used hydrophobic formulations differing in the type of the solvent, 
viscosity, and density were selected for the laboratory analyses: 

A1 - water-based solution of methylosilicone resin in the potassium hydroxide, 
A2 - organic solvent-based methylosilicone resin. 
The basic characteristics of the formulations used in the analyses are presented in  

Table 2.  
 

Table 2 
Basic characteristics of hydrophobising preparations 

Type of 
formulation 

Viscosity 
η [Pa·s·10–3] 

Surface tension 
σ [N/m·10–3] 

The quotient of the 
surface tension and 

viscosity σ/η 

Density at 20°C 
[g/cm3] 

A1 1.099 67.92 61.73 1.26 
A2 2.846 24.30 8.54 0.80 

 
The lowest viscosity value η was found for the formulation characterised by the lowest 

concentration of the active substance, ie the water solution of A1. The organic  
solvent-based methylosilicone resin A2 was characterised by viscosity that was by nearly 
250% higher than that of A1. The greatest quotient of the surface tension and viscosity was 
exhibited by the water-soluble coating A1. 

The investigations did not involve analysis of the concentration of the formulation or 
the number of the coating layers. Two layers of the formulations were applied with a brush 
using the “wet-on-wet” technique. 

Determination of the contact angle 

The measurement of the contact angle with a droplet of the measurement liquid was 
performed on a bench consisting of a goniometer integrated with a camera taking images of 
the drop applied to the surface of the samples. Distilled water was used as a measurement 
liquid for analysis of the contact angle. 2 mm3 droplets of the liquid were micropipetted on 
the surface [33, 47].  

 
   a) b) c) 

S A1 A2
Θw

ΘwΘw

 
Fig. 2. Standard and hydrophobised surfaces of lightweight-concrete during examining the contact  

angle of a water drop: a) sample standard - S, b) water-soluble preparation - A1, c) organic  
solvent-based methylosilicone resin - A2 
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Due to the heterogeneity of the material, 5 drops were applied to each sample. The 
measurements were performed at three time points: at the time of application of the drop 
and after 5 and 40 minutes. Figure 2 shows measurements of the contact angle  
in standard and hydrophobised samples at the beginning of the analysis (t1 = 0 s). 

Scanning electron microscopy of the hydrophobised lightweight-concrete  

The analysis of the morphology and microtopography of the hydrophobised 
lightweight-concrete was carried out using a scanning electron microscope FEI Quanta 250 
FEG equipped with a system of chemical composition analysis based on energy dispersion 
spectroscopy (EDS). Samples were prepared in the form of thin-layer plates, on which  
X-ray microanalysis was performed in the field mode and the composition of elements was 
determined for the concrete. The sample preparation methodology excludes formation of 
microdefects associated with cracking of the concrete surface and hydrophobic coatings.  
In order to avoid the formation of other surface defects, low vacuum and beam energy were 
used during the SEM analysis. 

Results  

Properties of lightweight concrete 

The physical and mechanical properties of the analysed lightweight concrete modified 
with sewage sludge are presented in Table 3. 

 
Table 3 

Parameters of lightweight aggregate-concrete 

Parameter Value Parameter Value 

Density ρd [kg/m3] 2650 
Heat conductivity coefficient λ 

[W/m · K] 
0.52 

Apparent density ρa [kg/m3] 1112 Compressive strength [MPa] 10.16 
Absorption capacity [%] 12.21 Modulus of elasticity [GPa] 21.2 

Tightness [%] 41.67 
Porosity [%] 58.5 

Frost resistance [%] weight loss after  
25 cycles 

8.2 

Contact angles of water 

The mean water-contact angles obtained from five measurements are presented 
graphically in Figure 3. 

The analysis of the results presented in Table 4 indicated that the contact angle values 
depended on the type of the hydrophobic preparations. The results of the measurements of 
the contact angles revealed that the water-contact angle (θw) decreased with time in all 
cases. The smallest water-contact angle θw = 40.15° was obtained for the standard samples 
at time t1 = 0, and the largest one θw = 105.47° was found at time t1 = 0 for coating A2, 
which implies high hydrophobicity of the surface provided by this preparation. The largest 
decrease (by 35.27%) in the value of the contact angle θw = 14.16° was observed within 40 
minutes after application of water droplets onto the standard samples. In the  
lightweight-aggregate concrete hydrophobised with coating A2, the contact angle decreased 
slightly by 5%. In the case of application of coating A1, the contact angle decreased by  
13% after 40 minutes. 
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Fig. 3. Water-contact angles in lightweight-aggregate concrete modified with sewage sludge  

Microstructural analysis using Scanning Electron Microscopy 

SEM microscopic analyses were performed to verify the distribution and effectiveness 
of the hydrophobic coatings A1, A2 in the pores of the lightweight-concrete with sludge. 
The microstructure of the lightweight-concrete is shown in Figure 4. 

 
 a)    b) 

   

45.3 mµ

20.2 mµ
47.6 mµ

25.3 mµ

45.3 mµ36.8 mµ

 
Fig. 4. Scanning microscope images of the structure: a) lightweight aggregate-concrete, b) lightweight 

aggregates with measurement of pore sizes 

Hardened Portland cement mortar mainly consists of ca. 68% of calcium silicate 
hydrate, ie the so-called C-S-H phases, ca. 22% of calcium hydroxide and aluminate 
hydration products, as well as calcium aluminate ferrite. Microscopic observations at the 
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interface of lightweight-aggregate concrete grains and cement mortar showed their good 
adhesion. There were no cracks or empty spaces at the contact site. Small amounts of 
needle-shaped ettringite crystals were present in the lightweight-aggregate concrete cement 
mortar (Fig. 4a). The microscopic observations showed that the diameter of larger pores of 
the lightweight aggregate modified with sewage sludge was 36 µm on average (Fig. 4b). 

The distribution of polysiloxane gel in the structure of lightweight-concrete is shown in 
Figure 5. The preparations applied to the structure of the standard samples formed  
a uniformly distributed coating with no visible flaws or cracks. The organic solvent agent 
A2 formed a silicon layer, covering the lightweight-aggregate concrete structure and sealing 
subsurface pores, which may cause a slight decrease in the mortar porosity. The porosity of 
the lightweight-aggregate concrete grains was unchanged. The water-soluble preparation A1 
formed a discontinuous and very thin coating. It protected the lightweight concrete structure 
less efficiently as shown by the measurements of the contact angle, which decreased by 13º 
within 40 minutes, whereas in the case of agent A2, the decline was only by 5º. Application 
of both formulations does not seal the pores excessively; hence, they should not disturb 
vapour permeability and water vapour diffusion. 
 
a)     b) 

      
Fig. 5. Hydrophobized structure lightweight-concrete (500x): a) water-soluble preparation - A1,  

b) organic solvent-ased methylosilicone resin - A2 

Conclusions 

The presented examination has proved that sewage sludge can be applied as an additive 
for lightweight aggregate production, which can be successfully applied for the production 
of light concretes, as indicated by the results of the analysis of the physical and mechanical 
properties presented in this paper. Microscopic research of contact points between 
lightweight aggregates and cement mortar proved good adhesion. Due to increased 
absorption capacity and porosity produced by addition of sewage sludge to lightweight 
aggregate, there is a need for anti-moisture protection on the concrete surface.  

Measurement of the contact angle is one of the methods for monitoring changes in the 
wettability of hydrophobised building materials. Application of different preparations 
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results in differences in the wettability and adhesion properties of lightweight-aggregate 
concrete. It has been noted that hydrophobisation of the lightweight concrete surface yields 
different values of the contact angle. Its value increases significantly on a hydrophobised 
surface, in particular upon application of organic solvent-based methylosilicone resin. In the 
case of non-hydrophobised concrete, the contact angle values are 60-75-fold lower than 
those for an impregnated surface. 

Depending on their chemical structure, organosilicon compounds applied on the 
subsurface of lightweight concrete reduce absorption capacity. This limits penetration of 
corrosive substances, ie soluble salts into the concrete structure, thereby improving its 
durability. On the other hand, hydrophobising agents applied do not seal the pores 
completely, which sustains vapour permeability of lightweight-aggregate concrete. 
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OCENA KĄTA ZWIL ŻANIA HYDROFOBIZOWANEGO KERAMZYTOBETONU 
Z OSADEM ŚCIEKOWYM 

1,2 Wydział Budownictwa i Architektury, Politechniki Lubelska  
3 Wydział Inżynierii Środowiska, Politechnika Lubelska 

Abstrakt: Celem badań przedstawionych w pracy była ocena efektu zastosowania preparatów hydrofobowych 
opartych o substancje krzemoorganiczne do zabezpieczania lekkich bloczków keramzytowych z dodatkiem 
osadów ściekowych przed wilgocią. W artykule omówiono zagadnienia związane ze zwilżalnością warstwy 
wierzchniej hydrofobizowanego keramzytobetonu modyfikowanego osadem ściekowym. Część doświadczalna 
pracy dotyczy cech fizycznych i mechanicznych keramzytobetonu oraz wpływu dwóch preparatów 
hydrofobowych na kąt zwilżania materiału. Wyznaczono kąt zwilżania betonu lekkiego (θw) w funkcji czasu przy 
użyciu jednej cieczy pomiarowej. Przedstawiono powłoki hydrofobowe w strukturze betonu lekkiego z osadem 
przy użyciu mikroskopii elektronowej. Na podstawie badań określono skuteczność hydrofobizacji porowatych 
betonów lekkich. Dla użytych substancji hydrofobizujących kąty zwilżania zmniejszały się z upływem czasu,  
a zmiana zależała od zastosowanych preparatów. Wyniki przeprowadzonych badań potwierdziły możliwość 
poprawy parametrów betonów lekkich wraz z odpowiednim zabezpieczeniem powierzchniowym przed wilgocią  
z zewnątrz. 

Słowa kluczowe: osady ściekowe, keramzytobeton, hydrofobizacja, kąt zwilżania, mikrostruktura 


