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EVALUATION OF THE CONTACT ANGLE
OF HYDROPHOBISED LIGHTWEIGHT-AGGREGATE
CONCRETE WITH SEWAGE SLUDGE

OCENA KATA ZWIL ZANIA HYDROFOBIZOWANEGO KERAMZYTOBETONU
Z OSADEM SCIEKOWYM

Abstract: The aim of the research presented in the papertovasaluate the feasibility of using hydrophobic
preparations based on organosilicon compoundsrétegtion treatment of lightweight aggregates medifvith
municipal sewage sludge. Issues related to the abibty of the surface layer of hydrophobised
lightweight-aggregate concrete supplemented withage sludge are discussed in the paper. The exgmtamn
part of the study is focused on the physical andharical characteristics of lightweight-aggregaieccete and
the effect of two hydrophobic preparations on thetact angle of the material. The contact angldigttweight
concrete §,) was determined as a function of time using onasuement liquid. The hydrophobic coatings in
the structure of lightweight concrete modified wibwage sludge were shown using electron microscpy
investigations demonstrated the effectiveness afrdphobisation of porous lightweight concretes. e
hydrophobic surfaces, the contact angles decresgiedime and depended on the preparations useg rdsults
of the research confirm the possibility to prodligatweight aggregate-concretes modified with sesvalydge
with appropriate surface protection against exiemmsture.
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Introduction

Given the existing legal norms and standardisatidnthe EU regulations of
environmental protection, management of sewagegelutlas become an important
economic, ecological, and technological issue Thjs is a growing problem due to the fact
that introduction of new and more efficient methdalsbiological wastewater treatment by
removal of biogens and organic carbon compounds thi¢ use of activated sludge results
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in increased production of sludge in the existingst@water treatment plants. New
wastewater treatment plants that are being esteldlis the individual provinces and across
the country generate additional quantities of senslgdge. One of the examples of the
numerous problems concerning the increased praxuofi sewage sludge is the municipal
wastewater treatment plant in Lublin. The “Hajdopl&nt collecting sanitary and industrial
wastewater from the cities of Lublin, Swidnik, andurrounding areas is
a mechanical-biological wastewater treatment plamploying the activated sludge
technology. Sludge formed during the wastewateatitnent process (primary and excess
sludge) is dewatered, subjected to mesophilic fatation, and compacted. The rate of
wastewater treatment is on average 65 OG@lay and the amount of fermented sludge
reaches approximately 600%dry [2]. This shows that the amount of producemigé is
considerable and highlights the necessity to sefinclh new possibilities of disposal and
management thereof, besides the existing solutierthermal utilisation [3, 4] as well as
natural management and agricultural use [5, 6ghtuld be mentioned here that sewage
sludge from large municipal wastewater treatmenntsl containingeg heavy metals will
not necessarily be suitable for the use in landiegdpon and agriculture [7]. In such a case,
one of the ways of utilisation of this type sfwage sludge involves application thereof for
production of building material®g lightweight aggregate [8-10], in which it serves
a function of a bulking agent and contributes te ttighly porous texture of sintered
ceramics. Lightweight aggregate can be used toyseednergy-efficient [11-13], ecological
lightweight-aggregate concrete blocks for buildiognstruction. Sludge has also been
successfully applied in manufacturing of ceramicks, as reported in [14].

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

Moisture damage is a major factor in deterioratémuilding materials [19, 20]. One
of the methods used to protect the lightweight eggte-concrete surface is
hydrophobisation [21, 22]. It causes a decreasajnillary water absorption, thus allowing
free vapour permeability. Preparations based omrmsgjlicon compounds, siloxanes, or
methyl silicone resins [23, 24] are used for hydhaipisation of concrete most frequently.
Also, it ought to be mentioned here that polymenest concretes (PCC) obtained by
addition of a polymer, oligomer, or monomer of #gove mentioned substances to the
concrete mix have gained increasing popularity. fdwilting concretes are characterised
by better workability of the mix and higher tensiiigength than that of ordinary concrete
[25]. Polymer impregnated concretes (PIC) produmgdnpregnation of hardened concrete
with a mentioned monomer or prepolymer are poguléne existing facilities.

There are literature reports on the applicatiosilahes for modification of the material
surface [26, 27] or in concrete [28] or mortar [ZB} mixes. These compounds ensure
hydrophobicity of concrete surfaces against watel i@pellence of corrosive compounds,
eg water-soluble salts [32]. The wettability of build materials towards liquids is of
particular importance for hydrophobisation and iegpration thereof and for the
effectiveness of anti-graffiti agents devised fleaning surfaces.
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The contact angle of materials is an indicatorheirt wettability properties [33]. High
wettability occurs at a low contact angle <°9@nd hydrophobicity at a high contact
angle > 90. The contact angle can be used to determine sutéatsion [34] and define
surface free energy (SFE) [35] and adhesion omerd86]. Specific adhesion can be
evaluated by studying the interfacial and surfagecds acting at the interface, which
specifies the conditions for good wettability amuesading. Good wettability contributes to
a better fulfilling of the concrete surface profilg the repair material [37].

The contact angle is influenced by a variety oftdes; eg surface roughness and
contamination, surface homogeneity, modulus oftieiss of the analysed material, type of
the measurement liquid, size of measurement ligdidplets, moisture, or ambient
temperature [38]. There are many methods of detertinin of the contact angle. The most
common of these include the air bubble methodgdametrical method, the method of the
capillary rise of the liquid in the sample, and timethod of direct measurement [33].
A popular method for determination of the contaajla is the direct measurement with the
use of a contact angle analyser or goniometer4Gp,

Depending on the characteristics of impregnatingparations, it is possible to
decrease or increase ttentact angle as well as therface tension of the material, thereby
providing them with hydrophobicity, which is assaeid with eg chemical corrosion
resistance and frost resistance.

Analysis of the structure of the surface layer mipiegnated lightweight-aggregate
concretes modified witkewage sludge in terms of their wettability wilbal evaluation of
eg the behaviour of the material in the presence atewand corrosive compounds. When
considerable resistance of the surface layer dftdigight concretes to the action of
a corrosive environment is required, it is advisathlat formulations ensuring the greatest
angle should be used.

Materials and methods
Concrete mixtures

The basic components of the lightweight-aggregateciete mixture were cement
CEM | 32.5 R, lightweight aggregates with sewagelgé (8-16 mm), sand (0-2 mm), and
water from the municipal water supply system. Cetesamples were prepared on the basis
of a formula established experimentally based @ndsirds EN 206-1:2003 [41] and
PN-B-06265:2004 [42].

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

After mixing the components thoroughly and aftexqiog the concrete in molds, it was
compacted on a vibrating table. Samples with thieviitng dimensions: 150x150x150 mm
were formed directly after concrete compounds hadnbmixed. They were condensed
in two layers by vibrations until the cement grappeared at the surface of the mortar. All
the samples were protected against moisture lasgdhad been stored for 24 hours in the
temperature about 23°C until stripping. Then thesrevplaced in a water container for
a period of 14 days. Later, the samples were kepbnstant laboratory conditions to fulfil
the period of 28 days of maturing to be ready fothfer examinations.

Figure 1 presents a fracture of lightweight aggtegaains with sewage sludge and
sample of lightweight-aggregate concrete afterssssent frost-resistance test.
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a)
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Fig. 1. Samples used for examinations: a) lightheigggregate with sewage sludge burnt at

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

The exact characteristics of the sewage sludgetladightweight aggregate were
presented by the authors of this article in pulilice[10]. The tested material used for
production of lightweight aggregate was sewage gdudaken from the municipal
wastewater treatment plant “Hajdow” in Lublin anthyc The sewage sludge from the
wastewater treatment plant used for production lé fightweight aggregate was
characterised by 80.43% moisture, 750 mg C#@@ alkalinity, pH 7.68, VFA -
92 mg/dm, COD - 13642.3 mg &dnv, 19.57% dry weight, 60.65% loss on ignition,
39.35% residue on ignition, and 0.795 gicdensity. Analysis of the content of heavy
metals in the sewage sludge indicated presence .6891 ppm of cadmium,
14 ppm of chromium, 8.1 ppm of nickel, and 4.9 pgfrtead ions [10].

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

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

Table 1
Physical and mechanical properties of the lightiveaggregate burnt at the temperature of 1150°C
Parameter Value Parameter Value
Dry particle densityq [kg/m?] 2620 Porosity [%] 70
Apparent particle densipa [ka/m’] 880 Frost resistance [%] 2.0
Bulk densityp, [kg/m’] 510 Resistance to crushiixg [%] 32.1
Absorption capacity [%] 17.8
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Properties of lightweight-concrete

The physical and mechanical properties of the Wgight-aggregate concrete were
determined on the basis of standards EN 1936:2@B), [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 diffgrim the type of the solvent,
viscosity, and density were selected for the latooyaanalyses:

Al - water-based solution of methylosilicone ragithe potassium hydroxide,

A2 - organic solvent-based methylosilicone resin.

The basic characteristics of the formulations usedhe analyses are presented in
Table 2.

Table 2
Basic characteristics of hydrophobising preparation
Type of Viscosity |Surface tension The quonent_ of the Density at 20°C
formulation | 5 [Pa-s-10% | & [N/m-107 surface tension and [g/cm?]
viscosity a/y
Al 1.099 67.92 61.73 1.26
A2 2.846 24.30 8.54 0.80

The lowest viscosity valug was found for the formulation characterised byldveest
concentration of the active substande, the water solution of Al. The organic
solvent-based methylosilicone resin A2 was charse@ by viscosity that was by nearly
250% higher than that of Al. The greatest quotiérihe surface tension and viscosity was
exhibited by the water-soluble coating Al.

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

Determination of the contact angle

The measurement of the contact angle with a dragflé¢he measurement liquid was
performed on a bench consisting of a goniometegnated with a camera taking images of
the drop applied to the surface of the sampledilled water was used as a measurement
liquid for analysis of the contact angle. 2 fraroplets of the liquid were micropipetted on
the surface [33, 47].

Fig. 2. Standard and hydrophobised surfaces oftvligight-concrete during examining the contact
angle of a water drop: a) sample standard - S, dmsoluble preparation - Al, ¢) organic
solvent-based methylosilicone resin - A2
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Due to the heterogeneity of the material, 5 dropsewapplied to each sample. The
measurements were performed at three time pointéieatime of application of the drop
and after 5 and 40 minutes. Figure 2 shows measmsmof the contact angle
in standard and hydrophobised samples at the hagiofithe analysist{= 0 s).

Scanning electron microscopy of the hydrophobisedghtweight-concrete

The analysis of the morphology and microtopograptiy the hydrophobised
lightweight-concrete was carried out using a saaelectron microscope FEI Quanta 250
FEG equipped with a system of chemical compositinalysis based on energy dispersion
spectroscopy (EDS). Samples were prepared in thma @f thin-layer plates, on which
X-ray microanalysis was performed in the field maahel the composition of elements was
determined for the concrete. The sample preparatiethodology excludes formation of
microdefects associated with cracking of the caecsrrface and hydrophobic coatings.
In order to avoid the formation of other surfacéedts, low vacuum and beam energy were
used during the SEM analysis.

Results

Properties of lightweight concrete

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

Table 3
Parameters of lightweight aggregate-concrete
Parameter Value Parameter Value
. 3 Heat conductivity coefficient
Densitypq [kg/m’] 2650 W/m - K] 0.52
Apparent density, [kg/m’] 1112 Compressive strength [MPa] 10.16
Absorption capacity [%] 12.21 Modulus of elastidiGPa] 21.2
Tightness [%] 41.67 Frost resistance [%] weight loss afte 8.2
Porosity [%] 58.5 25 cycles '

Contact angles of water

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

The analysis of the results presented in Tableditated that the contact angle values
depended on the type of the hydrophobic prepamatibhe results of the measurements of
the contact angles revealed that the water-comatagte @) decreased with time in all
cases. The smallest water-contact amyle 40.15° was obtained for the standard samples
at timet, = 0, and the largest ortg, = 105.47° was found at time = O for coating A2,
which implies high hydrophobicity of the surfaceoyided by this preparation. The largest
decrease (by 35.27%) in the value of the contagleal), = 14.16° was observed within 40
minutes after application of water droplets ontoe tilstandard samples. In the
lightweight-aggregate concreftgdrophobisedvith coating A2, the contact angle decreased
slightly by 5%. In the case of application of cagtiAl, the contact angldecreased by
13% after 40 minutes.
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Fig. 3. Water-contact angles lightweight-aggregate concrete modified with sewsigelge

Microstructural analysis using Scanning Electron Mcroscopy

SEM microscopic analyses were performed to veh#ydistribution and effectiveness
of the hydrophobic coatings Al, A2 in the poresthid lightweight-concrete with sludge.
The microstructure of the lightweight-concretehswn in Figure 4.

a)

‘. 45.3 um
T e D —

Mode
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HFW | vacMode | WD | ————50ym ———

Fig. 4. Scanning microscope images of the structirdightweight aggregate-concrete, b) lightweight
aggregates with measurement of pore sizes

Hardened Portland cement mortar mainly consistcaf 68% of calcium silicate
hydrate, ie the so-called C-S-H phases, ca. 22% of calciunrdyyde and aluminate
hydration products, as well as calcium aluminateittee Microscopic observations at the
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interface of lightweight-aggregate concret@ins and cement mortar showed their good
adhesion. There were no cracks or empty spaceleatdntact site. Small amounts of
needle-shaped ettringite crystals were presertéarightweight-aggregate concrete cement
mortar(Fig. 4a). The microscopic observations showed ttatdiameter of larger pores of
the lightweight aggregate modified wisewage sludge was 36 pm on average (Fig. 4b).

The distribution of polysiloxane gel in the struetwf lightweight-concrete is shown in
Figure 5. The preparations applied to the structofethe standard samples formed
a uniformly distributed coating with no visible ffa or cracks. The organic solvent agent
A2 formed a silicon layer, covering the lightweigiggregate concrestructure and sealing
subsurface pores, which may cause a slight deciiedke mortar porosity. The porosity of
the lightweight-aggregate concreeins was unchanged. The water-soluble preparation
formed a discontinuous and very thin coating. titpcted the lightweight concretructure
less efficiently as shown by the measurementsettntact angle, which decreased by 13°
within 40 minutes, whereas in the case of agenttid& decline was only by 5°. Application
of both formulations does not seal the pores ekgags hence, they should not disturb
vapour permeability and water vapour diffusion.

. — b)

Fig. 5. Hydrophobized structure lightweight-coneret500x): a) water-soluble preparation - Al,
b) organic solvent-ased methylosilicone resin - A2

Conclusions

The presented examination has proved that sewadgestan be applied as an additive
for lightweight aggregate production, which cansiecessfully applied for the production
of light concretes, as indicated by the resultthefanalysis of the physical and mechanical
properties presented in this paper. Microscopiceassh of contact points between
lightweight aggregates and cement mortar proveddgadhesion. Due to increased
absorption capacity and porosity produced by ashlinf sewage sludge to lightweight
aggregate, there is a need for anti-moisture ptioteon the concrete surface.

Measurement of the contact angle is one of the aastifior monitoring changes in the
wettability of hydrophobised building materials. @#ligation of different preparations
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results in differences in the wettability and adbesproperties of lightweight-aggregate
concrete. It has been noted that hydrophobisatigheolightweight concrete surface yields
different values of the contact angle. Its valueréases significantly on a hydrophobised
surface, in particular upon application of orgasitvent-based methylosilicone resin. In the
case of non-hydrophobised concrete, the contade arajues are 60-75-fold lower than
those for an impregnated surface.

Depending on their chemical structure, organogiliammpounds applied on the
subsurface of lightweight concrete reduce absamptiapacity. This limits penetration of
corrosive substancese soluble salts into the concrete structure, therihyroving its
durability. On the other hand, hydrophobising ageapplied do not seal the pores
completely, which sustains vapour permeabilityigiitweight-aggregate concrete.
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OCENA KATA ZWIL ZANIA HYDROFOBIZOWANEGO KERAMZYTOBETONU
Z OSADEM SCIEKOWYM

L2wydziat Budownictwa i Architektury, Politechniki belska
3Wydziat Inzynierii Srodowiska, Politechnika Lubelska

Abstrakt: Celem bada przedstawionych w pracy byta ocena efektu zastas@vpreparatéw hydrofobowych
opartych o substancje krzemoorganiczne do zabempiéx lekkich bloczkéw keramzytowych z dodatkiem
osadowsciekowych przed wilgogi W artykule oméwiono zagadnienia awéne ze zwialnaicia warstwy
wierzchniej hydrofobizowanego keramzytobetonu misaybanego osadeniciekowym. Czs¢ doswiadczalna
pracy dotyczy cech fizycznych i mechanicznych kegobetonu oraz wplywu dwoch preparatéw
hydrofobowych na & zwilzania materiatu. Wyznaczonatkzwilzania betonu lekkiegd) w funkcji czasu przy
uzyciu jednej cieczy pomiarowej. Przedstawiono powlokdrofobowe w strukturze betonu lekkiego z osadem
przy wyciu mikroskopii elektronowej. Na podstawie badakreslono skuteczn@ hydrofobizacji porowatych
betondéw lekkich. Dla iytych substancji hydrofobizagych laty zwilzania zmniejszaly siz uptywem czasu,
a zmiana zalata od zastosowanych preparatéw. Wyniki przeprowagizh bada potwierdzity maliwosé
poprawy parametrow betonéw lekkich wraz z odpowirdrabezpieczeniem powierzchniowym przed wilgoci
Z zewnytrz.

Stowa kluczowe:osadysciekowe, keramzytobeton, hydrofobizacjat &wilzania, mikrostruktura



