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Concrete production is one of the largest consumers of natural non-metallic materials. To
mitigate the environmental impact associated with cement production The use of wastepaper sludge
ash (WSA) from paper recycling is a new promising direction for saving fuel, energy, and natural
resources in cement and concrete production, aimed at reducing the proportion of clinker in cement by
replacing part of the cement with supplementary cementitious materials. This approach aligns with the
priority principles of uniform and sustainable industry development aimed at creating
environmentally friendly, low-energy-consuming technologies. This study is dedicated to investigating
the properties of composite systems with different proportions of blast furnace granulated slag and
wastepaper sludge ash. Test results show that samples with 70 % WSA achieve the highest early
strength (2.23 MPa flexural, 7.6 MPa compressive). Later, samples with a 70 : 30 BFS : TAW ratio
exhibit the highest strength (38.3 MPa compressive, 4.6 MPa flexural) due to predominant hydro
silicate hydration. The composite system forms CSH(B) hydro silicates and calcium hydro aluminate
C;AH;;, reacting with WSA gypsum to form calcium hydro sulphoaluminate C;A-3CaSO,32H,0
during initial hydration.

Key words: Granulated Blast Furnace Slag (GBFS); paper production waste; Wastepaper
Sludge Ash (WSA); composite binders; hardening activation; supplementary cementitious materials.

Introduction

The balanced use of natural resources and production waste plays a crucial role in achieving
sustainable development of the state and society. In contemporary conditions, this serves as a guarantee
for preserving the stability of the eco-economic system across all industrial sectors, including
construction.

A primary type of waste from paper production, known as paper mill sludge, is formed as a result
of secondary processing of wastepaper. Paper mill sludge constitutes a significant portion of industrial
waste, with the International Energy Agency (IEA) estimating global production at approximately
11 million tons annually. The annual volume of sludge generated at Ukraine’s largest paper mill, the Kyiv
Cardboard and Paper Mill, which processes about 30 % of the nation’s wastepaper, amounts to around
45 thousand tons. Most of the waste from paper production is buried in landfills, posing a significant
environmental problem by polluting the atmosphere and underground water sources.

Thus, the accumulation of a large volume of paper production waste requiring proper management
presents a serious issue. This has led to the search for effective environmentally and economically sound
methods of disposal and recycling (Monte, 2009; Bajpai, 2015; Cusido, 2015; Di Fraia, 2022; Lou, 2012).

To mitigate the environmental impact associated with cement production and the constant depletion of
natural resources, there is a need to develop alternative binding materials to make the concrete industry
environmentally sustainable. Traditionally, granulated blast furnace slag is introduced into the composition of
Portland cement for this purpose, however nowadays it became scarce due to destruction of biggest iron and
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steel production facilities in Ukraine. The use of thermally activated wastepaper sludge (or wastepaper sludge
ash — WSA, as predominantly referred in scientific sources) from paper recycling is a new promising direction
for saving fuel, energy, and natural resources in cement and concrete production, aimed at reducing the
proportion of clinker in cement by replacing part of the cement with supplementary cementitious materials. In
investigating the partial replacement of cement in concrete mixes with thermally activated waste from the
paper industry, the potential for their use as additional cementitious materials was established, resulting in
reduced Portland cement consumption (Frias, 2001; Frias, 2011; Frias, 2015; Banfill, 2007; Fava, 2011;
Doudart de la Grée, 2018; Bikila, 2021; Solahuddin, 2021; Ahmad, 2013). This approach aligns with the
priority principles of uniform and sustainable industry development aimed at creating environmentally
friendly, low-energy-consuming technologies.

However, despite various methods of utilizing and recycling paper mill sludge and considering the
large volume generated, the search for new effective methods of utilizing paper production waste remains
a primary challenge of high global priority (Mozafari, 2006; Mozafari, 2009; Ishimoto, 2000; Liu, 2020).
Current study is dedicated to evaluating the properties of composite systems with different proportions of
granulated blast furnace slag and wastepaper sludge ash.

Materials and Methods

Physical and mechanical testing of cements was conducted in accordance with national and
international standards (EN 196-9-2007, DSTU B V.2.7-185:2009, DSTU B V.2.7-187:2009), including
the determination of normal density of cement paste, setting times, and flexural and compressive strength.

The study utilized wastepaper sludge ash collected after incineration of paper mill sludge as
alternative fuel in patented furnace at the Kyiv Cardboard and Paper Mill. Main properties of WSA are
presented in previous research (Hunyak, 2022). Granulated blast furnace slag from ArcelorMittal Kryvyi
Rih was used as an active mineral additive.

Results and discussion

Given the widespread use of blast furnace granulated slag-added Portland cements in concretes,
the influence of thermally activated waste on the hydration processes of blast furnace granulated slag was
investigated.

It is known (Sobol, 2019) that the hydraulic activity of granulated slags is determined by their
glassy structure, characterized by metastability. Therefore, the hydraulic activity of blast furnace
granulated slag manifests only when activated by an alkaline, sulfate, or mixed mechanism. Interaction
with hydration activators disrupts the thermodynamically unstable state of slag glass, triggering hydration
processes.

The study revealed (Sobol, 2020; Hunyak, 2022) that thermally activated wastepaper comprises
hydraulic active phases, primarily high-basic calcium aluminates C;A and Ci,A7, calcium silicate $-C2S,
a small amount of free lime CaO, and a regulating complex additive containing 7.0 % CaSO42H,0 and
1.0 % tartaric acid.

Considering the chemical-mineralogical composition and hydraulic activity of WSA, its
effectiveness in activating the hardening of blast furnace granulated slag was examined. To study the
influence of the composition ratio of the blast furnace granulated slag — WSA composite system on its
physical and mechanical properties, samples of 2x2x8 cm were formed with a ratio of 1 : 0 and cured
under normal conditions. Test results are presented in Table.

The results showed that as the content of thermally activated waste in the system increases, the
water demand of the binder also increases. Additionally, there is a clear relationship between the WSA
content and the setting time of the binding system: with an increase in WSA content, the setting time
decreases. For example, at a blast furnace granulated slag: WSA ratio of 70 : 30, the initial setting time is
45 minutes, and the final setting time is 1 hour 40 minutes, whereas for a ratio of 30 : 70, the setting times
are 22 and 45 minutes, respectively.
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Effect of composition on the physico-mechanical properties of the binding system

Composition of the binder system, "
mass % Setting time, hour : min g Standard
No ° consistency,
GBFS WSA Tnitial Final 2 W/B
1 70 30 0:45 1:40 No 0,28
2 60 40 0:35 1:15 No 0.30
3 50 50 0:30 1:00 No 0.32
4 40 60 0:26 0:55 No 0.36
5 30 70 0:22 0:45 Yes 0.39

Since WSA contains some amount of free CaO, the tendency of the composition to expand during
hardening was also determined by steam curing the samples in a Le Chatelier bath. The results indicate
that only when the GBFS : WSA ratio exceeds 40 : 60 does expansion exceed 10 mm, as permissible by
(EN 196-9).

It has been established that samples with the maximum content of WSA — 70 wt. % exhibit the
highest early strength of 2.23 MPa in flexure and 7.6 MPa in compression. This is attributed to the rapid
hydration of aluminate phases within WSA, which contributes to strength during early-stage structure
formation. However, the highest strength parameters, both in compression (38.3 MPa) and especially in
flexure (4.6 MPa), at later hydration stages, when the predominant solidification mechanism is of the
hydrosilicate type, are demonstrated by samples with a ratio of FGS : WSA =70 : 30 (Fig. 1).
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Fig. 1. Ultimate tensile (left) and compressive (right) strength, MPa

The obtained results and their interpretation indicate the effectiveness of using WSA to activate
GBFS, which occurs through sulfate and partially alkali mechanisms. As demonstrated by X-ray
diffraction studies (Fig. 2), the main hydrated phases in the compositional system of 70 wt. % GBFS and
30 wt. % WSA are calcium silicate hydrates of the CSH(B) composition, calcium hydroaluminates
C4AH 3, which, interacting with gypsum present in WSA, form ettringite C;A 3CaSO432H,0 during the
initial hydration period. Free CaO, present in WSA, rapidly converts to Ca(OH),, which eventually
carbonates over time. Another characteristic feature of this system is the carbonation of calcium
hydroaluminates to form calcium hydroxyaluminates of the composition 4Ca0O-Al,0;-CO,-12H,0.

In the microphotographs of the FGS — WSA system, hydrated for 28 days (Fig. 3), clusters of large
crystals of calcium aluminosilicates present in the slag component are observed.

As a result of the combined hydration of GBFS and WSA, fibrous crystals of calcium
hydrosilicates and elongated prismatic crystals of ettringite are observed, which is confirmed by the
results of X-ray phase analysis and correlates well with the results of physico-mechanical tests of the
binder composite system GBFS — WSA.
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Fig. 2. XRF of the hydrated composite system with a composition
of 70 wt. % GBES + 30 wt. % WSA at the age of 28 days
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Fig. 3. Microstructure of the hydrated composite system with a composition
of 70 wt. % GBES + 30 wt. % WSA at the age of 28 days

Thus, the effectiveness of the combined use of blast furnace slag and thermo-activated waste in
binder systems is established at the optimal ratio of GBFS : WSA = 70 : 30. The activation of the slag
component by wastepaper sludge ash and the synergistic effect manifested during their hydration ensure
relatively high physico-mechanical properties of the hardened composite.

Conclusions

Research has demonstrated the effectiveness of utilizing thermo-activated wastepaper within the
binder composite system “blast furnace slag — wastepaper sludge ash”, through the activation of slag
component system hardening and the synergistic effect, which facilitates the formation of additional
structurally active phases during their combined hydration.

It has been established that thermo-activated waste in the investigated system “GBFS — WSA”
serves as an additional cementitious material, allowing for a reduction in the proportion of the most
energy-intensive clinker component of cement, aligning with contemporary trends in conserving fuel and
energy resources by extensively incorporating industrial waste into construction. Developed composite
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binder may be potentially utilized in renders, mortars, soil stabilization, lean roller-compacted and low-
strength conventional concrete after further valorization in specific applications.
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JOCJIJIXXKEHHS ITPOIIECIB CTPYKTYPOYTBOPEHHS B CUCTEMI “IOMEHHUI
T'PAHYJIbOBAHU IIIJTAK - TEPMOAKTHUBOBAHI BIJIXOJIA TAITEPOBOI'O BUPOGHUIITBA”
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IlemeHTHa IIPOMHUCIIOBICTH € OJHMM 13 OCHOBHHUX JDKEpEJ BUKHUIIB BYIJIEKUCIIOIO ra3y — BOHA
Mpoaykye Onu3bko 7 % Big yCiX BUKHUIIB MapHUKOBUX Tra3iB. 11[00 yCyHyTH BIUIMB Ha HaBKOJIHIIHE
CepeloBUINe, IIOB’SI3aHUM 13 BUPOOHUITBOM [EMEHTY, NOTPiIOHO pO3POOUTH ANBTEPHATHBHI B’ SDKyUl
peyoBUHH, OO OETOHHA NMPOMHUCIIOBICTh CTajla CTIMKOI0 B €KOJIOTTYHOMY CeHCi. TpaaumiiHO 3 L€ METO0
JI0 CKJIaJly MOPTIAHALEMEHTY BBOISATH JOMEHHI I'paHyJIbOBaHI NUIaKH. BUKOpUCTaHHS TepMOOOpOOJIEHUX
BIIXOMIB TANeponepepoOKd € HOBUM IIEPCIICKTUBHUM HANPSAMOM €KOHOMIi IajJHMBO-CHEPTCTUYHUX Ta
MIPUPOJHHUX PECYPCIB il Yac BUPOOHHIITBA IIEMEHTY 1 OETOHY, 1110 Nependayae 3MEHIICHHS YaCTKU KITIHKEpPY B
LIEMEHTI 33 paXyHOK 3aMiHHM YaCTHHH [IEMEHTY JOJATKOBUMH LIEMEHTYIOUMMHU MaTepiajlaMH.

Ilin gac mocmimkeHHS €()EKTUBHOCTI BUKOPHCTAHHS TEPMOAKTHBOBAHHX BIIXOMIB 5K JOJATKOBHX
LIEMCHTYIOUMX MaTepialiB BHUBUCHO BJIACTHBOCTI KOMIIO3HUINMHUX CHCTEM 3 Pi3HHM CITiBBiTHOIICHHIM
JIOMEHHOI'0 TPaHyIbOBAHOI'O IUIAKYy Ta TEPMOAKTUBOBAHUX BIIXOMiB. Pe3ynbraT (hi3HMKO-MEXaHIYHHX
BHITPOOYBaHb 3pa3kiB komnosuiiitaoi cucremu “JI'I — TAB” mokasanu, mo HaWBUIIOI paHHBOT MIITHOCTI —
2,23 MIla Ha 3ruH Ta 7,6 MIla Ha CTHCK JOCSTalOTh 3pa3ku i3 MakcuManbHUM BMicToM TAB — 70 mac. %. Lle
TIOSICHIOETBCSL IIBUJIKOIO Tizpataiiero amoMinaTHux a3 y ckinani TAB, mo 3a0e3neuye MinHICTH Imij yac
PaHHBOTO CTPYKTYpOyTBOpeHHs. [IpoTe HaWBUINMMU IMOKa3HUKAMH MIITHOCTI 5K Ha ctuck (38,3 MIla), Taxk i,
0co0nuBo, Ha 3ruH (4,6 MIla) y mi3Hi TepMiHM TigpaTarii, KOJIHM IepeBaXka€e TipOCHIIKaTHUHA THIT TBEPIHEHHS,
XapakTepu3ylThcs 3pa3ku 3i cmiBBigHomenHsm AT : TAB=70 : 30.

Hocmimkenns (a30BOro Ckiaay po3poOJICHOI KOMITO3HIIHHOI CHCTEMH CBiT4aTh MPO YTBOPCHHS
rigpocwiikatie CSH(B), a Takox rigpoantominaTiB kanbilito C;AH;3, sSKi, B3a€MOIIFOYH 3 TIilICOM, IIIO BXOIUTH
1o ckinany TAB, yrBoproioTh rimpocynbdoantominatr kaibiio C;A-3CaSO,432H,0 Bxke B IOYATKOBUH HEpiof
rigpararii.

Ku1104oBi cjioBa: 10MeHHMI IPaHy/JILOBAHMI NUIAK; BiX0AU ManepoBOoro BUPOOHMITBA; MaKy-
JATYPHUIi cKOM; B’SIZKY4i KOMNO3uLii; aKTUBI3alisi TBePIHEHH; J0AATKOBI IeMEHTYI04i MaTepiaiu.



