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A B S T R A C T   

The pulp and paper industry produces several calcite-rich by-products including Green Liquor 
Dregs (GLDs), lime mud, grits, sludges, etc. Presently, majority of these by-products are managed 
by landfilling. The GLD used in this study is mainly dominated by calcite (~80 %) and Hydro-
talcite like compounds (HTlc, ~12 %). It is used to produced OPC clinkers by using them as 0 %, 5 
%, 10 %, 15 %, and 20 % replacement of limestone used for clinker production. TGA-DSC analysis 
of the clinker raw meals up to 1350 ℃ indicates that increase in GLD leads to slight reduction in 
the decomposition temperature for the raw meals, and a slight change in the formation tem-
peratures for C2S and C3S. The mineral phase compositions of all the clinkers are comparable with 
a slightly decreasing C3S and C2S with increasing GLD. Compared to the Bogue calculated 
compositions, C3S and C2S are slightly lower, while the C3A is significantly lower and C4AF is 
significantly higher. The environmental leaching of GLD and the clinkers are all within the limits 
set by EN-12457-2. The environmental impact of clinker production and effect of GLD is analyzed 
for cradle-to-gate scenario with system boundaries. This analysis shows that by using GLD as 
replacement for limestone can lower the impact on diversity as well as CO2 related to trans-
portation can also be reduced.   

1. Introduction 

Ordinary Portland Cement (OPC) is the most commonly produced binder commercially [1]. It is usually composed of ~95 % 
Portland cement clinker (called clinker in this study) and ~5 % gypsum/anhydrite to control the hydration reaction of OPC with water 
[2]. Conventionally, OPC clinkers are produced by heating (at >1400 ℃) an intimate mix of calcareous materials (e.g. limestone), 
argillaceous materials (e.g. clay/shale), and other minor components (e.g. iron ore, bauxite, etc.) [3]. Since these raw materials are 
generally naturally occurring mineral resources, they need to be mined and pre-processed before being transported to the cement 
production plants [4]. 
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Limestone constitutes 70–80 % of the raw meal that is subjected to pyro-processing to produce OPC clinker. In this context, 
limestone mining and its utilization for clinker production are known to cause significant environmental impacts during quarrying, 
transportation, comminution, etc [5,6]. Given the total global OPC production of ~4.2 billion tonnes, the high amounts of limestone 
mining required for OPC production has led to several socio-environmental issues [4]. At the same time, several CaO-rich side-streams 
can be used for clinker production that can reduce the mining of natural resources [7]. In this study, the calcite-rich side-streams from 
the pulp and paper industry are used to partially replace limestone used for clinker production. Landfilling is the presently dominant 
approach to managing paper and pulp industry side-streams like Green Liquor Dregs (GLD), lime residue, and ashes. In this context, it is 
notable that GLD is considered non-hazardous waste according to the European list of wastes as well as by the Confederation of 
European Paper Industry (CEPI) [8]. However, it can have significant emissions to air and water [9–11]. Therefore, the utilization of 
GLD and lime mud from the pulp and paper industry will not only offset the environmental impact of limestone mining and processing 
but also reduce the impact of landfilling of residues from pulp and paper industries. 

Commercial OPC clinkers are typically composed of specific polymorphs of alite (a form of tricalcium silicate or C3S), belite (a form 
of dicalcium silicate or C2S), aluminate (a form of tricalcium aluminate or C3A), and ferrite (a form of C4AF) [12]. Formation of typical 
proportions of specific polymorphs of clinker phases is usually determined by the high temperature phase-equilibria that includes 
decomposition of starting materials, formation of molten phases, and crystallization of new phases [3]. The presence of even trace 
amounts of unwanted elements may influence the phase-equilibria, and therefore the OPC phase composition. Therefore, for the 
utilization of industrial side-streams in clinker production, the influence of minor components on the clinker phases needs to be 
studied. At the same time, since the raw materials occur naturally, the presence of such unwanted elements as impurities (e.g. MgO, 
P2O5, Na2O, heavy metals, etc) is quite common and needs to be managed in the general clinker production process too. Therefore, the 
clinkers produced with new side-streams needs to be studied in the same way as clinkers produced with new raw material sources are 
studied for their quality. 

The typically high CaCO3 proportions in lime mud, and GLD makes them suitable for OPC clinker production [13]. However, 
interestingly, among the few studies focused on their utilization in clinker production, almost all attempted to co-utilize only industrial 
residues to produce OPC clinkers. This means that, in addition to using CaO-rich side-streams as complete CaO-source, these studies 
attempted to utilize side-streams for other major oxides like SiO2, Al2O3, Fe2O3, etc. For instance, Buruberri et al. used combinations of 
lime-mud, biological sludge, and fly ash as starting materials [13]. Simão et al. performed several studies to combine lime mud, 
biomass ash, and wastewater treatment plant sludge [14–16]. Oliveira et al. tried to combine grit and granite to produce clinker [17]. 
Bhagath Singh and Subramaniam combined lime sludge, clay, and sponge iron to produce OPC clinker [18]. Maheswaran et al. 
combined lime sludge and commercially available nano-silica to produce belite cement [19,20]. While Castro et al. tried to replace 
lime-rich dregs and grits only partially for limestone, they used dregs that were quite rich in Na2CO3 (~16 %) [21]. Therefore, most of 
the earlier studies have pursued an all-or-nothing approach to using only industrial residues for clinker production, thereby introducing 
high amounts of non-essential elements. 

In OPC, the introduction of minor components can significantly influence the clinker composition and hydration behavior. 
Therefore, while introducing industrial residues, the objective should be to limit the non-essential elements to such an extent that they 
may not influence the product properties [22]. In this context, it is rightly noted by Castro et al. that even complete utilization of 
CaO-rich side-streams from pulp and paper for limestone will not amount to more than 2–3 % (or even <1 %) of the total limestone 
used for OPC clinker production [21]. Therefore, the objective should be to obtain high side-stream utilization without negatively 
influencing the product properties. 

Finally, for any side-stream utilization, it is essential to study the overall life cycle impact and product’s environmental properties. 
From an environmental impact perspective, such a process can be beneficial from both the perspectives: from the perspective of 
reduced impact of limestone quarrying, and from the perspective of reduced landfilling of paper/pulp side streams. Therefore, a life- 
cycle approach needs to be followed to analyze these influences. At the same time, due to the variation in composition based on source, 
their environmental properties need to be evaluated on a case-by-case basis. In this context, some studies have identified that the 
organic components in some side-streams may act as alternative energy source [23,24]. Others found higher Cr-leaching than legis-
lative allowance [25]. Some studies have also found the resulting cement to be susceptible to alkali-silica reaction due to high 
Na2O-K2O concentrations [22]. Therefore, the environmental properties of the starting materials and products also need to be studied. 

The objective of this study is to partially replace limestone in OPC clinker production by 5–20 % calcite-rich wastes from paper and 
pulp production. The influence of replacement on the clinkerization process is studied through an analogous study using Thermog-
ravimetric (TGA) analyses of the raw meals with different proportions of GLD. Following this, the mineral phase compositions of the 
different clinkers are compared. Thereafter, the environmental leaching properties of GLD and the clinkers with different proportions 
of GLD are determined. The utilization potentials of the different clinkers are then tested by producing OPC cements with same 
anhydrite replacements (5 % by wt.), and thereafter using it to produce hydrated cement paste samples and testing the compressive 
strength at 28 days of hydration. Finally, a simplified life cycle analysis model is used to determine the life cycle impact of using GLD 
for OPC production. 

2. Materials and methods 

2.1. Raw materials 

This study involves use of limestone (LS) and GLD as main CaO sources for clinker production. The GLD sample used in this study 
was produced by intimately mixing 7 different GLD samples produced from the same processing plant during 7 different days. The 

S. Srivastava et al.                                                                                                                                                                                                     



Case Studies in Construction Materials 20 (2024) e02870

3

mixes were subsequently dried at 105 ℃ overnight before being milled to fine powder. The chemical compositions of LS and GLD were 
determined using powder samples by X-ray fluorescence (XRF) using Omnian Pananalytics Axiosmax 4 kV (Malvern Panalytical, UK) 
instrument. For SiO2 source, 99 % pure amorphous silica powder (~325 mesh) was procured from Alfa Aesar. For Al2O3, 99.7 % pure 
powder (~60 µm) from Alfa Aesar was used. As a fluxing agent, 98 % Fe2O3 (~325 mesh) was procured from Alfa Aesar. 

The XRF of LS and GLD are shown in Table 1. From the perspective of clinker raw meal, typically only the oxide compositions of the 
constituents are considered since complete decomposition of most of the mineral constituents is expected during the high-temperature 
clinkerization process. From the perspective of GLD characterization, mineral phase composition of GLD are discussed separately in the 
“results and discussions section” later in this work. This work proposes to partially replace LS by GLD as CaO source. Therefore, their 
relative similitude in terms of comparable CaO contents of 50.5 % (LS) and 45.2 % (GLD) can be observed from Table 1. Most OPC 
production processes limit the Na2O+K2O concentrations, and their moderate concentrations in GLD (~1.3 %) make it suitable for 
clinker production. Other important components in GLD to be noted from a clinker production perspective are: MgO (7.6 %), SO3 
(~1.7 %), P2O5 (1.2 %), and MnO (1.3 %). Because of the presence of such minor components in GLD, it is important to only introduce 
them in small quantities in clinker production to control their influence in the clinkerization process and during hydration. In this 
context, it must be noted that several regulations limit the amounts of MgO, alkalis, SO3 in cement [12]. At the same time, the presence 
of excessive elements like P2O5 and MnO in raw meal may influence the clinkerization reactions. 

2.2. Raw meal preparation and pre-mixing for clinker production 

In general, OPC clinker is composed of four major mineral phases with typical clinker-phase compositions of CEM-I in European 
cements being: 61 % C3S (alite), 20 % C2S (belite), 9 % C3A (aluminate), and 10 % C4AF (ferrite) [12]. The formation of these clinker 
phases in desired proportions depend on the high temperature thermodynamics involving decomposition of different sources of CaO, 
SiO2, Al2O3, and Fe2O3 followed by the formation of these mineral-phases according to the thermodynamic equilibriums during 
heating and subsequent cooling. Bogue developed several formulae to calculate the amounts of CaO, SiO2, Al2O3, and Fe2O3 required 
to attain specific proportions of clinker phases [26,27]. Eq 1–4 rely on these Bogue equations to calculate the amounts of oxides 
required to attain the desired mineral composition of clinker [12]. By combining the calculated amounts with the respective 
oxide-compositions of GLD, LS, and pure oxides discussed in Section 2.1, the compositions of the raw meals were determined as shown 
in Fig. 1. 

To achieve the objectives of this project, five mixes were prepared as shown in Fig. 1 by replacing different proportions of LS by GLD 
so that GLD contributes 0 %, 5 %, 10 %, 15 %, and 20 % of CaO which was earlier contributed by LS. The masses of the individual 
components in each mix were calculated so that the total mass of clinker produced is 500 g. Accordingly, the mixes are called M0, M5, 
M10, M15, and M20 respectively. For the pre-mixing, the powders were homogenized and poured inside Germatec lab mill. 12 steel 
balls of 30 mm diameter and 20 steel balls of 20 mm diameter were added to the mill, and the mill was rotated for 30 min 
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Table 1 
Elemental composition of GLD determined using XRF (expressed as respective oxides).  

% (w/w) CaO SiO2 Al2O3 Fe2O3 Na2O K2O MgO P2O5 TiO2 MnO SO3 LOI 525 ◦C LOI 950 ◦C 

GLD  45.2  0.3  0.7  0.5  1.2  0.1  7.6  1.2  0.0  1.3  1.7  5.2  39.3 
LS  50.5  3.6  0.8  0.5  0.1  0.1  3.1  0.0  0.0  0.0  0  0.5  41.5  
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2.3. Clinker production 

The clinkers were prepared using a Nabertherm HT 08/18 chamber furnace 150×150×300 mm (Nabertherm GmbH, Germany) 
with maximum temperature of 1800 ℃. Before introduction of the raw mixes, the furnace was preheated to 800 ℃. Each raw meal mix 
was poured in an alumina crucible (10×10cm) which was placed in the preheated furnace. The heating function used to fire the 
clinkers is as follows: a) decarbonation stage at 800 ℃ for 30 min b) heating for 1.5 h to reach 1450 ℃ (7.22 ℃/min) c) dwell at 
1450 ℃ for 45 min d) direct quenching on a copper table with water circulation. While the majorly non-molten state of the clinker 
reduces the risk of contamination due to reaction with the crucible, the risk was further reduced by using high-quality alumina 
crucibles with a working temperature of 1600 ◦C and a melting temperature above 2000 ◦C. Additionally, if any fragment of clinker 
was found to be stuck to the crucible surface, it is not used for further processing. 

2.4. Characterization methods 

2.4.1. X-ray diffraction (XRD) Rietveld analysis 
The mineral phase compositions of the OPC clinker and the as-received GLD were studied using XRD-Rietveld analysis. The 

diffraction data were collected using a Rigaku SmartLab 9 kW diffractometer with Co-Kα radiation (40 kV and current 135 mA) at a 
scan rate of 3◦/min and a 2θ ranging from 5◦ –120◦. The XRD-Rietveld semi-quantitative analyses of the samples was performed using 
X′pert HighScore Plus software (PANalytical software) with ICDD PDF4 + 2022 database. 

2.4.2. Thermogravimetric analysis- differential scanning calorimetry (TGA-DSC) 
The TGA-DSC analyses were performed both, on the GLD and on all the raw meals using a Discovery SDT 650 simultaneous DSC/ 

TGA analyser (TA Instruments). For the analysis of GLD, it was subjected to heating from 40 ℃ to 1055 ℃ a heating rate of 10 ◦C/min 
in an inert N2 environment. On the other hand, the pyrolytic reactions of the raw meal mixes were studied using TGA-DSC from 40 ℃ 
to 1350 ℃ at a heating rate of 10 ◦C/min in an inert N2 environment. 

2.5. Environmental property assessment of clinkers 

The environmental leaching properties of the clinkers were determined according to the European standard EN 12457–2: One stage 
batch test at a liquid to solid ratio 10 l/kg for materials with particle size below 4 mm [28]. 

2.6. Life cycle analysis 

The environmental impact of the process proposed in this work is studied within the system boundary of “cradle to gate” scenario 
according to guidelines of the International organization for standards (ISO 14040:2006 and ISO 14044:2006). The production of 1 ton 
of clinker is considered, and input data is acquired using reported literature. The environmental impact was assessed through the 
IMPACT 2002 + method by using SimaPro 8.1.0 software [29]. 

2.6.1. Scope and system boundary 
The study aimed to gather the environmental impact on replacing the limestone partially by GLD in clinker production. The effect 

on ecosystem quality, human health, climate change and impact on resources are analyzed. In the clinker production raw material 
processing (e.g. mixing and grinding before calcination) and kiln operation are the unavoidable processes. There are several reports on 
the strategies to reduce the energy consumption during these intermediate processes [30]. As shown in the system boundary and 
framework for clinker production (Fig. 2), the present analysis mainly considers the impact due to GLD addition. During clinker 
production, the waste heat generated in the kiln can be utilized for secondary purposes: as stated in the Environmental Product 
Declaration (EPD) for Pika-cement ( CEM I 52.5 R Lappeenranta), this heat is employed for district heating [31]. Similarly, our 
methodology also aims to repurpose this heat, specifically for the drying and processing of GLD. Additionally, our system boundary for 

Fig. 1. Mixes used to replace Limestone (LS) by Green Liquor Dreg (GLD) as CaO source.  
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the calculation encompasses transportation, including backhauling. It must also be noted that this study is focused on evaluating the 
environmental impacts associated with producing 1 ton of clinker. In this context, the system boundary does not encompass systems 
incorporating co-products, by-products, or recycling processes, and hence, the allocation approach was not a part of our primary study. 

3. Results and discussions 

3.1. Properties of GLD 

The chemical composition of the GLD is given in Table 1, and its mineral composition (Supplementary S.1) is mainly dominated by 
calcite (~81 %), and hydrotalcite-like compounds (HTlc, ~13 %), along with minor amounts of sodium sulfate and hydroxyapatite 
(~5–6 %). 

The high calcite (CaCO3) content in GLD results from NaOH recovery by reaction of Na2CO3 by-product of the Kraft process with 
CaO [32]. This also explains the high CaO content and LoI (at 950 ℃) of GLD (Table 1) as well as the characteristic calcite decom-
position endothermic peak and mass loss between 600 and 800 ℃ in TGA-DSC analysis (S2 in Supplementary). The relatively high 
HTlc minerals are usually observed to have formed in GLD through co-precipitation of Mg and Al/Fe (e.g. Mg1− xAlx(OH)2(CO3)x/2 •

nH2O) [33]. Such Layered Double Hydroxide (LDH) minerals are represented by the major peaks at d-spacings of 7.87 and 3.93 Å [34]. 
In TGA-DSC (Supplementary S2), there is a steep mass loss of ~5 % between 250 and 400 ℃ that can be attributed to the decom-
position of the HTlc minerals [35]. At the same time, this can also explain the LoI of ~5 % at 525 ℃ (Table 1). Moreover, since CO2 and 
H2O represent ~40 % of such HTlc minerals, the total mass of the hydrotalcite group based on TGA is expected to be 10–12 %, which is 
consistent with the amount of HTlc observed through XRD Rietveld analysis. 

3.2. Clinker raw meals 

As shown in Fig. 1, the clinker raw meals were produced by homogeneously mixing different amounts of limestone, GLD, amor-
phous silica, Al2O3, and Fe2O3. However, as shown in Table 2, several minor elements are also introduced through different raw 
materials. In this context, increase in the replacement of LS by GLD leads to increase in in Na2O, MgO, P2O5, and SO3. These components 
can have direct influence on the clinkerization reactions as well as on the high-temperature thermodynamics leading to the change in 
the clinker phase. Moreover, these elements can also participate in the hydration reactions of OPC cements, and their presence in the 
hydration products can also influence their mechanical and durability properties. 

In addition to the elemental compositions, Lime Saturation Factor (LSF), Silica Module (SM), Alkali Module (AM), and alkali 
availability in the form of Na2Oeq are the derived values used to determine the quality of raw meal for clinker production. LSF (Eq. 5) 
and modified LSF (Eq. 6) govern the ratio of alite and belite in clinkers, and their value >100 indicates possible presence of free-CaO 
and free-MgO at equilibrium during clinkering process. As shows in Table 2, while the LSF values of all the clinkers are within the 

Fig. 2. System boundary and framework for the clinker production.  
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required limits, the modified LSF are slightly higher. The SR (Eq. 7) is used to determine the burnability of raw mixes as the proportion 
of raw mix melting decreases with increasing SM, thereby decreasing the burnability. Similarly, AM (Eq. 8) governs the C3A to C4AF 
ratios through the quantity of melts formed at relatively low temperatures. The clinkers produced in this study have SM of 2.45–2.48, 
which is within the range of 2–3 quite commonly followed in industrial practice. At the same time, the AM of 1.41–1.45 in the pro-
duced clinkers are within the industrial range of 1–4. Eq. 9 is used to calculate the Na2O equivalent (Na2Oeq) to evaluate their sus-
ceptibility towards the durability issues caused by alkali-silica reaction, and the values are within the required limits [36]. 

LSF = 100 ×
CaO

2.8SiO2 + 1.18Al2O3 + 0.65Fe2O3
(5)  

modified LSF (for MgO > 2%) = 100 ×
CaO + 1.5MgO − 0.7SO3(excess)
2.8SiO2 + 1.18Al2O3 + 0.65Fe2O3

(6)  

Table 2 
Estimated chemical composition of the raw mixes.  

Compositions GLD-0 GLD-5 GLD-10 GLD-15 GLD-20 

CaO  68.19 
SiO2  23.03 
Al2O3  5.49 
Fe2O3  3.89 3.87 3.84 3.81 3.79 
Na2O  0.18 0.25 0.32 0.40 0.47 
K2O  0.20 0.19 0.18 0.18 0.17 
MgO  4.17 4.50 4.83 5.15 5.48 
P2O5  0.04 0.12 0.20 0.28 0.36 
TiO2  0.04 0.04 0.04 0.04 0.04 
MnO  0.01 0.10 0.19 0.28 0.36 
SO3  0.01 0.13 0.24 0.36 0.47 
Cl  0.00 0.00 0.01 0.01 0.01 
SrO  0.03 0.03 0.02 0.02 0.02 
LOI 950 ◦C  56.01 56.15 56.30 56.45 56.59 
LSF Calculated  92.71 92.75 92.75 92.79 92.79 
LSF (with impurities)  101.3 101.9 102.4 103.0 103.6 
Silica module  2.45 2.46 2.47 2.47 2.48 
Alumina module  1.41 1.42 1.43 1.44 1.45 
Na2O (eq.)  0.31 0.38 0.44 0.51 0.58  

Fig. 3. (a) % mass losses in the TGA of different raw meals, and (b) normalized heat flow (W/g) during DSC of raw meals (c) cumulative particle size 
distribution as a function of particle diameter, (d) particle size distribution as a function of particle diameter. 
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Silica module (SM) =
SiO2

Fe2O3 + Al2O3
(7)  

Alumina module (AM) =
Al2O3

Fe2O3
(8)  

Na2O(eq.) = Na2O+ 0.658K2O (9)  

3.3. Thermal decomposition properties of the raw meals 

Clinkerization involves decomposition of the original constituents of the raw meal followed by the formation of new clinker phases 
based on thermodynamic equilibriums. The thermal decomposition behaviours of the different raw meals are studied using TGA-DSC 
between 50 to 1450 ℃ (Fig. 3). 

Similar to raw GLD a small blip indicating dehydroxylation of HTlc can be observed between 200 – 400 ◦C in Fig. 3 [37,38]. This 
small peak is more dominant in the raw meals with high GLD content (15 % and 20 %), and is relatively non-existent for the reference 
clinker raw meal (i.e. GLD-0). The second thermal transformation corresponding to calcite decomposition (600–800 ℃) have shown a 
slight shift toward lower temperatures with GLD addition. This can be mainly attributed to the fluxing behaviors of the increasing 
amounts of several minor elements introduced through GLD (Table 2). These minor elements can, not only act as fluxing agents but can 
also influence the mineral composition of clinker by influencing the thermodynamic equilibria. In this context, it must be noted that 
reduction in clinkerization temperature may not always be favourable to make the clinker production process more sustainable. This is 
because, some of the fluxing agents may also increase the equilibrium temperature for formation of high temperature clinker phase like 
alite. Therefore, even if a fluxing agent decreases the decomposition temperatures of individual components of raw meal, they may still 
negatively influence the thermodynamic equilibrium for clinker phase formation. 

Compared to GLD-0, decrease in calcite decomposition temperature with increase in GLD content of the raw meals can be observed 
from Fig. 3. The exothermic formation of belite, that generally occurs between 1100 and 1270 ◦C, was noted at 1112 ◦C for the 
reference meal (GLD-0) and at a slightly lower temperature of 1080 ◦C for the raw meals containing GLD [39]. The following 
endothermic peak at approximately 1250 ◦C (for GLD 0) correspond to the liquid phase formation and the initiation of alite phase 
formation [40]. Therefore, increased addition of GLD leads to lowered temperatures of decomposition and temperature liquid phase 
formation. At the same time, as the LS replacement by GLD increases from 0 to 20 %, there is increase in Na2Oeq (0.31 to 0.58), P2O5 
(0.04 to 0.36 %), SO3 (0.01 % to 0.47 %), MgO (4.17 % to 5.48 %). Earlier studies have found that increase in Na2O can lead to 
significant reduction in calcite and dolomite decomposition temperature [41]. Similarly, MgO, Na2O, and SO3 can reduce the melting 
temperature and increase the quantity of melt during the clinkerization reactions and can also interact during clinker phase formation 
[42]. At the same time, P2O5 is also known to act as fluxing agent [43,44]. Therefore, the minor presence of these fluxing agents can 
explain the decrease in decomposition temperatures of the raw meal, and temperature of formation of the new clinker minerals. 
However, it must be noted that fluxing may not always decrease the energy requirement for clinker production as the fluxing agents 
can participate in thermochemical reactions, increasing the temperature required for precipitation of minerals like alite. 

Fig. 4. Mineral phase distribution in different clinkers produced in this study.  
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Table 3 
mg/kg of leaching tested using SFS-EN 12457–2: One stage batch test at a liquid to solid ratio 10 l/kg for materials with particle size below 4 mm.  
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3.4. Mineral phase composition of clinker 

Fig. 4 shows the mineral phase compositions of the different clinkers calculated using XRD-Rietveld semi-quantitative analysis 
(Supplementary S3). The figure also shows the ideal phase compositions used for modified Bogue calculations used to determine raw- 
meal compositions (Equation 1-Eq. 4). There are slight variations in the compositions of the clinker compared to the expected phase 
compositions. Moreover, in addition to the ideal expected clinker phases, periclase (MgO) is the only major phase observed in the 
clinkers produced in this study. This is because of the high MgO contents of both LS and GLD (Table 1). The GLD has much higher MgO 
(7.6 %) compared to LS (3 %). Therefore, increased replacement of LS by GLD from 0 to 20 % is accompanied by increase in periclase 
(MgO) from 4.2 % to 5.5 %. Therefore, GLD-15 and GLD-20 have a slightly higher MgO concentrations than the conservative value of 5 
% of common legislative limit similar to BS EN 197–1:2011 [45]. This can also be explained by a slightly higher modified LSF (Table 2). 
At the same time, certain studies have suggested that even up to 7.9 % MgO may not lead to durability issues if they are volumetrically 
well-distributed as small and scattered grains [46]. Increase in GLD led to increased MgO in the raw meals. However, even GLD-0 has 
relatively high MgO content due to the high MgO in LS (Table 1). In addition to the precipitation of periclase, MgO can also have 
significant influence on the thermochemical reactions during clinker productions, on the hydration mechanism of the clinkers, and on 
the hydration products and their respective mechanical properties [46]. 

Compared to 61 % expected C3S, the clinkers with 0–10 % GLD have 59–61 % C3S while there is appreciable decrease when GLD 
replacement is increased up to 15 % (57 % C3S) and 20 % (55 % C3S). Therefore, since only the clinkers with higher GLD of 15–20 % 
exhibit high variability from the expected C3S compositions, these variations can be attributed to GLD. It was noted in the previous 
section that most of the minor components present in GLD acted as fluxing agents. However, their participation in the high- 
temperature equilibria can also influence the phase compositions both positively and negatively. In this context, among all the 
clinkers, the minor components increase with increasing GLD, with GLD-20 containing maximum amounts of Na2Oeq (0.58 %), P2O5 
(0.36 %), SO3 (0.47 %), and MgO (5.48 %). While these elements can lead to the formation of polymorphs other than the most common 
C3S polymorphs present on standard clinkers (C3S-M3) [47], all the clinkers in this study are dominated only by C3S-M3 as can be 
observed from the respective peaks in Supplementary S4. 

The minor components in the raw meals can also influence the mineral phase compositions of the clinkers. In the clinkers produced 
in this study, the maximum P2O5 (in GLD-20) is still within the proposed upper limit (0.5 %) of the commercial OPC clinkers [48]. 
However, at such low concentrations, P2O5 can stay distributed in C2S grains without any structural modification [49]. At the same 
time, there is an increase in SO3 content that can increase the formation temperature of alite leading to higher belite and lime [50]. In 
addition, increase in GLD is also accompanied by increase in MgO contents, which favours alite over belite formation. Therefore, MgO 
is found to offset the negative influence of SO3 on C3S formation by reducing the solubility of SO3 in belite, thereby maintaining the 
reactivity of C2S with CaO during the clinkerization reactions [51]. On the other hand, while Na2O is known to reduce the melting 
temperature, it increases the temperature for C3S formation leading to higher belite content [47]. 

In context of such variation in expected and observed clinker phase composition, it must be noted that while individual influences 
of each of these elements may be known from literature, their combined contributions may not be additive and their mutual in-
teractions in individual systems needs to be studied on case-by-case basis [52]. Therefore, the roles of the main minor components, 
individually and collectively, on clinker phase composition needs to be understood. In this context, when different combinations of 
MgO, Na2O, and SO3 were studied, it was found that MgO+Na2O gave very fast C3S formation while Na2O+SO3 increased C2S for-
mation rate [53]. With view on the role of minor phases, it must be noted that compared to the calculated 20 % C2S, all the clinkers 
exhibited comparable (18.5–19.5 % C2S) with a relatively low C2S of 17 % in GLD-10. 

Interestingly, compared to the calculated C3A (9 %) and C4AF (10 %), the amounts of C3A in clinker is much lower (4.2–5.9 %) and 
the amounts of C4AF are much higher (13.6–14.9 %). It must be noted that the MgO contents of the raw meals are in the range of 
4.2–5.5 %, which can, not only increase the burnability but can also favour the formation of C4AF: 5 wt % MgO in the raw meal was 
found to reduce C3A/C4AF ratios by 22 % [54]. This decrease is attributed to the decreased liquid viscosity with increasing MgO. In 
fact, according to another set of equations including MgO (Eq. 10, Eq. 11) [55], C4AF is expected to be in the range of 12.98 % (GLD-0) 
to 13.92 %, while C3A is expected to be in the range of 2.5 % (in GLD-0) to 0.31 % (GLD-20). Therefore, these equations appear to have 
slightly overestimated the amounts of C4AF and significantly underestimated the amount of C3A. In addition to this, high C4AF can also 
be attributed, at least to some extent, to a relatively low AM of 1.41–1.45 of the raw meals [56]. 

C4AF = 10.687+(0.551 × MgO)+ (0.551 × SO3) (10)  

C3A = 9.398 − 1.658 × MgO (11)  

4. Environmental leaching 

The clinkers are expected be used to produce OPC, which is then expected to be used to produce mortar or concrete. The OPC must 
comply with the legislative limits during the lifetime of the structure and at the end-of-life. Several studies have found that the clinker 
produced by co-processing of industrial wastes may exhibit environmental leaching more than the legislative limits [57]. 

The results of the test and the standard limits for classification are shown in Table 3. Based on the standard limits, the results are 
color coded as stable (green), regular (yellow), or hazardous (orange). They were tested for the leaching of elements including As, Ba, 
Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, V, Zn, Hg, F, Cl, and SO4. The table shows that the leaching of the elements of interest were mostly in the 
stable range, and occasionally in the regular range. It must be noted that the samples tested in this study were milled to <100 µm 
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Fig. 5. (a) Damage assessment for limestone mining operation, and (b) Effect of limestone mining on damage categories.  
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fineness, while the legislative code allows the samples to be up to 4 mm in size. Therefore, even after grinding the clinkers and the GLD 
to such fine sizes, they are found to be environmentally safe. 

5. Life cycle analysis 

The use of land for mining can have an irreversible impact on the environment. This impact can be on local, regional or even on the 
global scale through direct use of land (mineral extraction) and indirect processes (dependent industries on mining). These processes 
mainly affect the biodiversity and degradation of land. Different chemicals are also released into the land during the mining process. 
This causes acidification of land and results in negative impact on the environment and poses a threat of species extinction due to land 
use and expansion of mining operation [58]. The extraction of limestone significantly alters the natural geology of the land in use. The 
use of GLD as partial replacement to limestone can reduce the use of land. By partially replacing the limestone by GLD land occupation/ 
land use can be decreased to 4.42 m2org.arable from 5.49 m2org.arable to produce 1 ton of clinker. This change is directly related to 
the amount of limestone replaced by GLD. From the GLD perspective, its utilization in the clinker production can reduce the land 
occupation for dumping in the field. This will significantly reduce the impact on biodiversity. 

The limestone mining operation has a serious impact on the environment. Fig. 5(a) shows the impact of mining operation on 
various midpoint categories. The use of explosives and transportation are main factors towards the negative environmental impact. On 
summarizing the midpoint score to the damage categories (Human health, ecosystem quality, climate change and resources) it is 
observed that ecosystem quality is greatly affected due to land acquisition/ occupation. It can be also seen that the human health 
category (i.e., sum of human toxicity, respiratory effects, ionizing radiation, ozone layer depletion and photochemical oxidation) 
shows the high damage due to limestone quarrying operation. Impact assessment of clinker is shown in Fig. 5(b). The unavoidable 
release of CO2 during calcination and other greenhouse gases during the clinker production is the main cause of high score in the 
midpoint categories respiratory inorganic, Terrestrial acid/nutr, Aquatic acidification and in global warming. The transportation of 
raw materials to the processing plant also presented a high environmental threat. The use of fuel for transportation of raw materials 
accounted for 80 % of the resource category and it also contributed 15.19 Kg CO2 eq./ton clinker. This has around 40 % impact on the 
ecosystem quality, 10 % impact on human health and 2 % contribution to global warming. 

Table 4 shows the impact on various midpoint categories due to partial replacement of limestone by GLD. There is no significant 
decrease in the global warming potential due to replacement of limestone by GLD. The embodied CO2 present in the GLD (85 % calcite) 
contributes to the negative environmental impact along with limestone. Thus, there is no change in embodied CO2 from the raw 
material on replacing limestone partially by GLD. The use of GLD in the clinker production can significantly help to reduce impact on 
nonrenewable energy sources. The consumption of fuel, natural gas and explosives get reduced by 20 % when there is 20 % 
replacement of limestone by GLD. 

In this study we observe that limestone is the major contributor to the GHGs and partial replacement of it by GLD there is not any 
significant change in GHGs due the presence of embodied CO2. The limestone mining utilizes land, and its exploitation continues to fill 
full the market demand which has a serious impact on biodiversity. Dumping of industrial waste (GLD) in the field also affects 
biodiversity due to use of open land. This can be reduced by utilizing alternate sources of CaO source like GLD. The use of GLD reduces 
the land occupation in significant amounts. And acidification of soil due to mining or dumping can also be reduced to a greater extent. 
This will help to preserve biodiversity. Although, use of explosives have little contribution to GHGs, the shock and noise pollution 
caused by explosions can cause serious damage to geography. With GLD this can also be reduced. The transposition of raw materials to 
the clinker plant has a significant share in GHGs [59,60]. With the GLD as replacement this can also be reduced along with saving of 
natural resources. 

From the above assessment it is observed that clinker mining and transportation to clinker plants have serious environmental 
impacts. The embodied CO2 present in limestone and GLD are the prominent contributors to climate change. The use of clinker made 
from limestone and GLD as primary source of CaO can be crucial for OPC production. Addition of SCM in the later stage can reduce the 

Table 4 
Impact on the various Midpoint categories with the addition of GLD.  

Impact category Unit M0 M5 M10 M15 M20 

Carcinogens kg C2H3Cl eq 0.1781 0.1723 0.1665 0.1607 0.1548 
Non-carcinogens kg C2H3Cl eq 0.4309 0.4132 0.3955 0.3778 0.3601 
Respiratory inorganics kg PM2.5 eq 0.2176 0.2164 0.2152 0.214 0.2128 
Ionizing radiation Bq C-14 eq 157.57 150.18 142.81 135.45 128.06 
Ozone layer depletion kg CFC-11 eq 3.14 × 10− 6 2.99 × 10− 6 2.85 × 10− 6 2.69 × 10− 6 2.55 × 10− 6 

Respiratory organics kg C2H4 eq 0.0104 0.0099 0.0095 0.0090 0.0086 
Aquatic ecotoxicity kg TEG water 2039.19 1948.89 1858.75 1768.605 1678.30 
Terrestrial ecotoxicity kg TEG soil 1336.35 1273.42 1210.55 1147.67 1084.74 
Terrestrial acid/nutri kg SO2 eq 8.89 8.86 8.83 8.79 8.77 
Land occupation m2org.arable 5.49 5.23 4.96 4.69 4.42 
Aquatic acidification kg SO2 eq 1.16 1.16 1.15 1.15 1.14 
Aquatic eutrophication kg PO4 P-lim 0.0030 0.0029 0.0028 0.0027 0.0026 
Global warming kg CO2 eq 645.78 644.95 644.12 643.31 642.48 
Non-renewable energy MJ primary 289.34 275.84 262.36 248.87 235.37 
Mineral extraction MJ surplus 0.92 0.90 0.89 0.87 0.85  
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global warming potential from the cement industry as well as it will help to prevent biodiversity. 

6. Conclusions 

The pulp and paper industry are looking for high-value and high-quality applications for their GLD wastes that are mostly land-
filled. Due to the high calcite content (~90 %) of GLD, 5 different clinkers were produced with 0 %, 5 %, 10 %, 15 %, and 20 % 
replacement of limestone by GLD. The increase in GLD is accompanied by increasing SO3, Na2Oeq, and P2O5 that are responsible for the 
fluxing action of GLD that is evident from the shifting of the TGA-DSC peaks of the raw meals with increase in amount of GLD. From the 
composition perspective, even though MgO content increases with increasing GLD, GLD-20 with maximum MgO of 4.7 % still satisfies 
the maximum legislative limits of 5 %. Among the different clinkers produced, there is only a slight variation in the major clinker 
phases: C3A, C2S, C3A, C4AF. Moreover, compared to the Bogue calculation, the C3S and C2S contents are comparable in the clinker. 
However, compared to the Bogue calculated C3A (9 %) and C4AF (10 %), there is a significantly lower C3A (4.2–6 %) and higher C4AF 
(14–15 %). LCA shows that this process can lead to reduction in CO2 generated during the excavation and transportation of limestone 
as primary raw material. It also prevents the acidification of air, soil and water. The use GLD for clinker production gives the chance to 
minimize the damage due mineral extraction and transportation. The net CO2 from the cement production can be reduce by using 
supplementary cementitious material as partial replacement to cement. 
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[37] J. Pérez-Ramírez, S. Abelló, Thermal decomposition of hydrotalcite-like compounds studied by a novel tapered element oscillating microbalance (TEOM), 

Thermochim. Acta 444 (2006), https://doi.org/10.1016/j.tca.2006.02.031. 
[38] T. Lopez, E. Ramos, P. Bosch, M. Asomoza, R. Gomez, DTA and TGA characterization of sol-gel hydrotalcites, Mater. Lett. 30 (1997), https://doi.org/10.1016/ 

S0167-577X(96)00214-5. 
[39] J.I. Bhatty, F.M. Miller, S.H. Kosmatka, R. Bohan, Innovations in Portland cement manufacturing, Portland Cement Association Washington^ eDC DC, 2004. 
[40] W. Xu, J. Xu, J. Liu, H. Li, B. Cao, X. Huang, G. Li, The utilization of lime-dried sludge as resource for producing cement, J. Clean. Prod. 83 (2014), https://doi. 

org/10.1016/j.jclepro.2014.07.070. 
[41] S. Moukannaa, A. Aboulayt, R. Hakkou, M. Benzaazoua, K. Ohenoja, A. Palomo, A. Fernández-Jimenez, Fusion of phosphate by-products and glass waste for 

preparation of alkali-activated binders, Compos B Eng. 242 (2022), https://doi.org/10.1016/j.compositesb.2022.110044. 
[42] H.F.W. Taylor, 4 Properties of Portland clinker and cement. in: Cement Chemistry, Thomas Telford Publishing,, 1997, pp. 89–112, https://doi.org/10.1680/ 

cc.25929.0004. 
[43] My.Y. Benarchid, J. Rogez, The effect of Cr2O3 and P2O5 additions on the phase transformations during the formation of calcium sulfoaluminate C4A3S‾, Cem. 

Concr. Res 35 (2005) https://doi.org/10.1016/j.cemconres.2005.06.005. 
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