
Thermal activation of flexographic wastewater
sludge and its influence on Portland cement
hydration
Maximiliano Iván Delletesse 

Universidad Nacional del Centro de la Provincia de Buenos Aires

Research Article

Keywords: flexographic wastewater sludge, thermal activation, calcined sludge, cement hydration,
isothermal calorimetry, pozzolanic reactivity

Posted Date: September 4th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10360612/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-10360612/v1
https://doi.org/10.21203/rs.3.rs-10360612/v1
https://doi.org/10.21203/rs.3.rs-10360612/v1
https://creativecommons.org/licenses/by/4.0/


Thermal activation of flexographic wastewater sludge and its influence on Portland cement 

hydration 

 

Maximiliano Iván Delletesse 

Universidad Nacional del Centro de la Provincia de Buenos Aires (UNICEN), 

CIFICEN, UNICEN-CICPBA-CONICET, Olavarría, Buenos Aires, Argentina. 

mdelletesse@fio.unicen.edu.ar 

https://orcid.org/0000-0001-5472-9938 

 

 

Abstract 

Sludge generated during the coagulation–flocculation treatment of flexographic printing 

wastewater is a heterogeneous industrial residue with a high organic content. This study 

investigated the effect of thermal treatment on its structural evolution, apparent pozzolanic 

reactivity, and interaction with Portland cement hydration. Sludge dried at 100 °C and 

calcined at 550 °C was characterized by XRF, XRD, FTIR, and SEM, while structural changes 

were monitored over the 500–800 °C range. Calcination promoted organic matter removal 

and the progressive dehydroxylation of kaolinite, leading to the formation of an amorphous 

metakaolinite-like phase. Reactivity was evaluated using an accelerated lime-consumption 

test and the Frattini method. Although the material calcined at 700 °C showed greater lime 

consumption than that treated at 550 °C, all cement blends yielded negative Frattini results. 

This behavior was attributed to the release of Ca2+ and OH- from the residue, which 

maintained high ionic concentrations in solution and obscured any limited pozzolanic 

consumption. The influence of the calcined sludge on cement hydration was further assessed 

by isothermal conduction calorimetry and FTIR. The residue modified hydration kinetics and, 

at 10% replacement, increased heat release during the acceleration period without 

substantially altering the main hydration products. Therefore, the calcined sludge was not 

inert, but its interaction with Portland cement was governed mainly by physical and ionic 

effects rather than by effective pozzolanic activity. These results demonstrate that the 

thermal behavior and cement interaction of hybrid industrial residues cannot be interpreted 

solely using conventional pozzolanicity criteria. 

 

Keywords: flexographic wastewater sludge; thermal activation; calcined sludge; cement 

hydration; isothermal calorimetry; pozzolanic reactivity. 

 

1. Introduction 

The management of industrial sludge has progressively shifted from a disposal-based approach 

toward strategies focused on valorization and circular use of residual materials. This transition is 

particularly relevant in sectors that generate complex semisolid residues with high organic load and 

limited biodegradability, where conventional disposal routes such as landfilling or incineration 

entail both environmental and economic burdens. In this context, construction materials have 

attracted growing interest as potential receiving matrices because they can incorporate industrial 

by-products while reducing the consumption of virgin raw materials [1–3]. 

Among these residues, sludge generated during wastewater treatment in the printing industry 

represents a particularly challenging stream. Flexographic and related printing processes use water-

based inks, varnishes, adhesives and auxiliaries that produce wastewaters with high organic load, 

strong coloration and significant temporal variability [4]. Their treatment is further complicated by 

the presence of dispersants, emulsifiers and high-molecular-weight organic compounds that keep 

particles in suspension and hinder natural settling [5–7]. For this reason, coagulation-flocculation 

is commonly used as a primary treatment step, allowing the separation of a clarified liquid phase 



and a sludge phase that concentrates most of the suspended solids, organic matter and recalcitrant 

compounds [8,9]. Although effective for wastewater clarification, this process transfers the 

contamination problem to a semisolid residue whose subsequent management remains unresolved. 

From the viewpoint of reuse, sludge from the printing and paper sectors has been explored as a 

possible component in cementitious systems. Previous studies have reported the incorporation of 

paper sludge, deinking sludge and related ashes into cement- and concrete-based matrices, either 

in untreated form or after thermal processing [10–16]. In many of these materials, the coexistence 

of silica-, alumina- and calcium-bearing phases makes thermal activation an attractive route, since 

calcination can simultaneously remove organic matter and transform kaolinitic fractions into 

amorphous aluminosilicate phases with potential pozzolanic reactivity. This strategy has been 

successfully discussed for paper-industry residues and other calcined wastes, with typical activation 

windows ranging from 500 to 800 °C depending on the mineralogical composition and treatment 

time [17–21]. 

The interest in this approach is also supported by the broader role of thermally activated 

aluminosilicate additions in blended cement systems. Reactive mineral additions may contribute 

through both physical and chemical mechanisms: they can modify early hydration through dilution, 

filler and heterogeneous nucleation effects, while also reacting with portlandite to form additional 

hydration products when sufficient amorphous silica and alumina are available [22–25]. However, 

the existence of an amorphous phase after calcination does not by itself guarantee effective 

pozzolanic behavior. The actual performance of a residue in cementitious systems depends on its 

full chemical and mineralogical constitution, the presence of inert or interfering phases, its own 

ionic contribution in solution, and the balance between physical and chemical effects once 

incorporated into the binder. 

This point is especially relevant for sludge generated from coagulation-flocculation of flexographic 

effluents. Unlike many of the paper sludges previously reported, this type of residue is formed from 

a complex mixture of inks, adhesives, fillers and treatment chemicals [4,8]. As a result, it cannot 

be regarded as a simple kaolinitic precursor. Instead, it should be considered a hybrid waste in 

which mineral phases coexist with a high volatile fraction and potentially calcium-rich components. 

Such complexity limits the direct extrapolation of results reported for recycled paper sludge or 

conventional calcined clays. Therefore, assessing this type of waste only in terms of “pozzolanic” 
or “non-pozzolanic” behavior may be insufficient; its interaction with Portland cement hydration 

must also be examined. 

Under these conditions, a relevant research question is whether thermal treatment of this sludge 

leads to a meaningful improvement in its cementitious reactivity, or whether the material mainly 

behaves as a complex addition with limited chemical contribution but measurable effects on the 

hydration process. Addressing this question is necessary not only to evaluate the technical 

feasibility of its reuse, but also to define realistic boundaries for its valorization in cement-based 

systems. 

Accordingly, this study aimed to investigate the thermal transformation of sludge generated during 

the coagulation–flocculation treatment of flexographic printing wastewater and to determine how 

these changes influence its interaction with Portland cement. The structural evolution of the residue 

over the 500–800 °C range was analyzed by XRD and FTIR, while its apparent reactivity was 

evaluated through accelerated lime-consumption and Frattini tests. In addition, isothermal 

conduction calorimetry and FTIR were used to assess the effect of the selected calcined sludge on 

cement hydration. Particular attention was given to distinguishing true pozzolanic behavior from 

physical and ionic effects arising from the complex composition of the residue. 

 

2. Materials and Methods 

The sludge used in this study was obtained from the coagulation-flocculation treatment of 

wastewater from a printing industry located in Buenos Aires Province, Argentina. A representative 

sample (5 L) was collected from the sedimentation tank and immediately conditioned in the 



laboratory. The material was dried at 100 °C (M100) and subsequently subjected to thermal 

treatment at 550 °C (M550) and 700 °C (M700) in order to remove organic compounds and promote 

structural transformations. After treatment, the samples were ground and sieved to a particle size 

below 45 μm. 
The cement used was a commercial Portland cement supplied by a local producer. Its chemical 

composition was typical of this type of material, including gypsum as a setting regulator and 

limestone as a minor constituent. 

The physicochemical characterization of the dried and calcined materials was performed using a 

multi-technique approach. Chemical composition was determined by X-ray fluorescence (XRF). 

Mineralogical phases were identified by X-ray diffraction (XRD) using Cu Kα radiation over the 
5–70° (2θ) range, with a step size of 0.02° and a scanning rate of 2°/min. Infrared spectra (FTIR) 
were obtained using the KBr pellet method in the 400–4000 cm⁻¹ range. Morphological 
characterization was carried out by scanning electron microscopy (SEM). Phase identification was 

performed using the JCPDS database and specific literature on clay minerals [26]. 

To evaluate the structural changes induced by thermal treatment, the sludge was calcined in a 

muffle furnace over the 500–800 °C range, following a stepwise treatment with 50 °C increments 

every 2 h, and intermediate samples were withdrawn for mineralogical characterization [27]. The 

resulting samples were analyzed by X-ray diffraction (XRD) and Fourier transform infrared 

spectroscopy (FTIR), allowing the evolution of mineral phases to be identified. For thermal 

monitoring, the samples calcined between 500 and 800 °C were obtained under the same residence 

time and analyzed by FTIR under identical instrumental and sample preparation conditions. The 

evolution of metakaolinite associated with thermal treatment was assessed by FTIR through 

analysis of the band centered at approximately 1083 cm⁻¹. The relative area of this band was 
determined after baseline correction in the 1317–843 cm⁻¹ spectral region. 
Pozzolanic activity was evaluated by means of an accelerated chemical test following the method 

reported by Frías et al. [28], based on the reaction of the material with a saturated Ca(OH)₂ solution 
at 40 °C and different contact times. Lime consumption was expressed as fixed lime, calculated 

from the difference between the CaO concentration in the initial saturated solution and that 

measured in the solution in contact with the sample at the end of each period. In addition, electrical 

conductivity was monitored as a complementary parameter to assess the evolution of ionic species 

in solution. 

Based on the results of the accelerated test, M550 was selected for evaluation by the Frattini test 

(UNE-EN 196-5:2011) on cement blends with different replacement levels. In order to distinguish 

the effect of any potential pozzolanic reaction from the residue’s own ionic contribution, an 
independent contact test was also carried out by exposing M550 to distilled water at 40 °C for 7 

days, after which Ca²⁺ and OH⁻ concentrations were determined. 
Blended cements were prepared by partially replacing Portland cement with M550 at 5%, 10%, 

and 20% by mass (CM5, CM10, and CM20). The hydration process was analyzed by isothermal 

conduction calorimetry at 20 °C using 20 g of cementitious material and a water-to-binder ratio of 

0.5. The paste was manually mixed for 30 s, sealed, and immediately introduced into the 

calorimeter. Heat flow and cumulative heat were recorded for 48 h. The calorimetric curves were 

analyzed in terms of heat flow and cumulative heat normalized per unit mass of cementitious 

material. The intervals corresponding to the dormant period and the acceleration period were 

defined from slope changes and the position of the main maximum of the exothermic signal. 

The evolution of hydration products was studied by FTIR in pastes cured for 2, 7, 28, and 90 days. 

Hydration was stopped by grinding in the presence of acetone in order to prevent further reactions 

and remove free water. The dry powders were stored in sealed containers until analysis. 

3. Results 

3.1. Characterization of the dried sludge 

The composition of the dried sludge (M100) reveals a markedly heterogeneous residue in which a 

predominant volatile fraction (LOI ≈ 68%) coexists with an inorganic fraction mainly composed of 



CaO, TiO2, SiO2, and Al2O3 (Table 1). This result indicates that the material does not behave as a 

simple mineral clay, but rather as a complex matrix derived from the coagulation-flocculation 

process, in which mineral phases are combined with organic and volatile compounds that may 

influence both its subsequent thermal treatment and its interaction with cementitious systems. 

 

% M100 M550 

LOI 68.12 31.72 

TiO2 7.31 16.23 

CaO 10.27 21.6 

SiO2 5.79 12.1 

Al2O3 5.69 11.91 

Cl 1.42 1.99 

P2O5 0.62 2.00 

SO3 0.28 0.55 

Fe2O3 0.23 0.53 

K2O 0.16 0.37 

CuO 0.12 0.29 

MgO ND 0.15 

ZrO2 ND 0.02 

ZnO ND 0.01 

SrO ND 0.01 

Na2O ND 0.59 

Table 1. Chemical composition of M100 and M550. ND: not detected. 

 

From a mineralogical standpoint, the XRD pattern of M100 reveals the presence of calcite (CaCO₃), 
kaolinite (Al₂Si₂O₅(OH)₄), rutile (TiO₂), and quartz (SiO₂), thus indicating a heterogeneous system 
in which carbonate, clay, and siliceous phases coexist (Figure 1). Kaolinite is clearly identified by 

its characteristic basal reflection, associated with its 1:1 layered structure composed of silica 

tetrahedral sheets and aluminum octahedral sheets [29,30]. This structure confers a high specific 

surface area and a potentially reactive behavior under thermal treatment. 

 



 
Figure 1. XRD patterns of M samples dried at 100 °C and calcined at 550 °C. 

 

Analysis of the diffractogram allowed semi-quantification of the different phases based on the main 

reflection of each detected component. By applying rational analysis based on chemical 

composition (Table 1) and considering the mineral species identified by XRD, the following 

composition (% w/w) was estimated for M100: 18.33% calcite, 7.31% rutile, 14.41% kaolinite, 

2.44% quartz, and 57.51% volatile solids. 

SEM characterization highlights the heterogeneous nature of the material in terms of both particle 

size and particle shape (Figure 2). At higher magnification, lamellar structures characteristic of clay 

minerals can be observed, in agreement with the kaolinite identified by XRD. These lamellae 

appear partially disordered, probably as a consequence of interaction with the aqueous medium 

during formation, which may disrupt the typically stacked structures [31]. 

 

 
Figure 2. SEM micrographs of M100: (a) general view at 6000×; (b) selected area from 

Fig. 2a at 18000×. 

 

FTIR analysis (Figure 3) further supported the presence of the kaolinitic fraction detected by XRD 

through the characteristic bands associated with OH and Al–OH groups, consistent with those 

reported for this mineral [26,30,32]. Vibrations associated with bonds present in organic 

compounds contained in M100 but not identified by XRD were also observed, such as CH₂, C=O, 



C=C, and COOC groups [33]. The characteristic bands of rutile (674 and 560 cm⁻¹) and quartz 
(1144 and 1085 cm⁻¹) partially overlap with absorptions assigned to kaolinite. 
 

 
Figure 3. FTIR spectra of M samples dried at 100 °C and calcined at 550 °C. 

 

The dried sludge therefore contains a high organic fraction together with a well-defined mineral 

phase assemblage, providing an adequate structural basis for modification through thermal 

treatment. 

3.2. Transformation by calcination 

Thermal treatment of the sludge at 550 °C produces significant transformations in both its chemical 

composition and mineralogical structure. The reduction in LOI from values close to 68% in M100 

to approximately 32% in M550 (Table 1) confirms the removal of organic matter and the release 

of volatile compounds, together with dehydroxylation and partial decarbonation processes. This 

treatment leads to a relative enrichment in inorganic oxides (CaO, SiO₂, Al₂O₃, and TiO₂), 
accompanied by improved detectability of minor elements, attributable to changes in the material 

matrix. 

At the structural level, calcination induces dehydroxylation of kaolinite and loss of its crystalline 

order, in agreement with the formation of an amorphous metakaolinite-like phase. This 

transformation is supported by the decrease in the characteristic kaolinite reflections in XRD and 

the disappearance of structural OH bands in FTIR (Figure 3) [30,34]. At the same time, attenuation 

of the signals associated with organic compounds confirms that thermal treatment simultaneously 

affects both the reactive mineral fraction and the organic fraction of the residue. 

Calcination causes a profound transformation of the sludge, characterized by removal of organic 

matter, dehydroxylation of kaolinite, and generation of an amorphous metakaolinite-like phase. 

These structural changes are decisive for the subsequent behavior of the material, particularly in its 

interaction with cementitious systems. 

3.3. Selection of calcination temperature 



Selection of the calcination temperature was based on monitoring the kaolinitic fraction within a 

complex residual matrix. In the 500–800 °C range, XRD showed the progressive disappearance of 

the characteristic kaolinite reflections, whereas other crystalline phases present in the residue, such 

as rutile and calcite, remained relatively stable. This indicates that the main structural 

transformation induced by thermal treatment is concentrated in the clay fraction, although it occurs 

within a compositionally more complex system than a conventional kaolinitic raw material. 

At temperatures close to 600 °C, the appearance of an intermediate aluminosilicate spinel-like 

phase, considered a precursor to mullite, was detected [35]. The intensity of this phase increased 

with temperature, reaching greater development toward 800 °C. This behavior may be associated 

with the structural reorganization of metakaolin at higher temperatures, in which denser and more 

ordered arrangements are formed, in contrast with the amorphous nature of the initial metakaolinite 

[36]. 

Structural evolution was analyzed in greater detail by FTIR through quantification of the area of 

the characteristic metakaolin band centered at 1083 cm⁻¹. Figure 4 shows the evolution of this 
corrected area as a function of treatment temperature. A progressive increase is observed up to 

approximately 700 °C, attributable to the increase in the amorphous fraction associated with 

metakaolinite. At higher temperatures, a decrease in band area is recorded, which may be related 

to partial transformation of this phase into more ordered structures such as spinel. 

 

 
Figure 4. Thermal evolution of the FTIR band centered at 1083 cm⁻¹. 

 

Based on these results, 550 and 700 °C were selected as representative conditions for evaluating 

material reactivity. The former corresponds to the minimum temperature at which substantial 

elimination of the organic fraction and dehydroxylation of kaolinite are observed, whereas the latter 

represents a condition of greater amorphous phase development. Comparison between both 

temperatures allows assessment of whether the structural improvement induced by calcination is 

effectively translated into a relevant increase in the pozzolanic activity of the residue. 

3.4. Evaluation of pozzolanicity 

The pozzolanic activity of the calcined material was evaluated by means of an accelerated chemical 

test and the standardized Frattini test in order to assess its ability to react with Ca(OH)₂ and form 
cementitious compounds under controlled conditions. 

The results of the accelerated test (Figure 5) show that the reference materials (commercial 

metakaolin, ground glass, and silica fume) exhibit high reactivity from early ages, reaching fixed-

lime values above 85%, in agreement with literature reports [27]. In contrast, the calcined sludges 

displayed markedly different behavior. Sample M550 showed fixed-lime values between 55 and 

66%, whereas M700 reached slightly higher values (78–82%), consistent with its higher degree of 

structural transformation. However, in neither case was the level of reactivity characteristic of the 

reference pozzolans attained. 

 



 
Figure 5. Evolution of pozzolanic activity. 

 

Monitoring of electrical conductivity (Figure 6) provides further insight into these results. M550 

initially produced a significant increase in the concentration of ionic species in solution, even higher 

than that observed for the reference materials, followed by a progressive decrease at later ages. This 

behavior suggests the coexistence of ion-release and ion-consumption processes in the system. In 

contrast, M700 showed a more balanced behavior in which calcium consumption was more evident, 

although still lower than that observed for conventional pozzolans. These results indicate limited 

reactivity of the calcined materials toward lime solution. 

 

 
Figure 6. Evolution of electrical conductivity in an accelerated chemical test (40 °C). 

 

The pozzolanic behavior of M550 was then analyzed by the standardized Frattini test on cement 

blends containing 5, 10, and 20% replacement levels (Figure 7). This sample was selected because 

it represents the minimum thermal activation condition at which elimination of the organic fraction 

and transformation of kaolinite into an amorphous phase are achieved. In all cases, the points 

corresponding to the blended cements are located above the CaO solubility curve, indicating a 

negative pozzolanicity result according to the standard criterion (UNE-EN 196-5:2011). This 

behavior contrasts with that expected for pozzolanic materials, in which reaction with Ca(OH)₂ 
leads to a decrease in Ca²⁺ concentration in solution. 



 
Figure 7. Frattini tests for blended cements. 

 

However, incorporation of the sludge led to a significant increase in Ca²⁺ concentration relative to 
the reference cement, even when the dilution effect is taken into account. This increase became 

more pronounced as the replacement level rose and was accompanied by an increase in the initial 

OH⁻ concentration, thus evidencing an intrinsic ionic contribution from the material. This behavior 
was confirmed by an independent test in which sample M550, when placed in contact with distilled 

water, released significant concentrations of Ca²⁺ and OH⁻, confirming its ability to modify solution 
chemistry. 

In this context, although thermal transformation of the material leads to formation of a potentially 

reactive amorphous metakaolinite-like phase, its contribution is not sufficient to offset the effect of 

calcium input to the system. As a result, Ca²⁺ concentration in solution remains high and the 
experimental points stay above the solubility curve, preventing classification of the material as 

pozzolanic according to the Frattini test. This type of behavior has been reported for calcium-

bearing industrial residues, in which Ca²⁺ release may mask incipient reaction processes [37]. 

Despite the structural modification of the material, the calcined sludge did not exhibit effective 

pozzolanic behavior. Its limited Ca(OH)2 consumption capacity, together with its intrinsic ionic 

contribution, conditions its performance in cementitious systems and differentiates it from the 

behavior expected for supplementary cementitious materials. 

3.5. Hydration of blended cements 

The influence of calcined sludge incorporation (M550) on cement hydration was evaluated by 

isothermal calorimetry and FTIR spectroscopy in pastes with different replacement levels (CM5, 

CM10, and CM20). 

The calorimetric curves (Figure 8a) show that incorporation of M550 modifies the hydration 

kinetics of the system, producing a delay and extension of the dormant period relative to the 

reference cement (Table 2). This behavior may be attributed to the lower initial reactivity of the 

replacement material and to the time required for its interaction with the aqueous medium. 

However, for intermediate replacement levels (CM10), the dormant period was shorter than in CM5 

and CM20, suggesting stronger interaction between the incorporated material and the initial 

hydration products. 

 



 
Figure 8. Calorimetric tests for the reference cement and CMi blends: a) calorimetric 

curves; b) cumulative heat curves. 

 

Sample 

Dormant period Acceleration period Total heat 

ti 

(h) 

tf 

(h) 

Δt 
(h) 

ti 

(h) 
tf (h) 

Δt 
(h) 

V 

(mW/g.h) 

QT 

(J/g) 

QCM/QC 

(%) 

C 0.75 2.38 1.63 2.38 14.78 12.4 0.0761 89.80 -- 

CM5 0.82 3.90 3.08 3.90 15.72 11.82 0.0778 85.23 94.91 

CM10 1.65 3.77 2.12 3.77 15.72 11.95 0.0872 93.80 104.5 

CM20 1.93 5.65 3.72 5.65 13.32 7.67 0.0565 73.43 81.77 

Table 2. Analysis of the dormant period, acceleration period, and total heat. ti: initial time; tf: final 

time. 

 

During the acceleration period, CM5 and CM10 exhibited reaction rates comparable to that of the 

reference cement, even reaching higher heat-flow intensities, particularly in CM10. This behavior 

suggests a stimulation effect on hydration reactions, possibly associated with the presence of 

additional surfaces acting as nucleation sites. However, at higher replacement levels (CM20), this 

effect was reduced, and splitting of the calorimetric curves was observed, indicating a modification 

of the hydration mechanism. 

Analysis of cumulative heat release (Figure 8b) shows that CM10 reached values higher than those 

of the reference cement, whereas CM5 and CM20 exhibited lower heat release, mainly attributable 

to the dilution effect. These findings indicate that the effect of calcined sludge incorporation 

depends on the replacement level, with 10% being the condition that maximizes system interaction 

without negatively affecting the overall kinetics. 

The mineralogical evolution during hydration was analyzed by FTIR (Figure 9), and the 

characteristic bands of the main cement hydration products were identified: Ca(OH)₂ (3643 cm⁻¹), 
C-S-H (975 cm⁻¹), and ettringite (1123 cm⁻¹) [37–39]. In the blended cements, these bands evolved 

similarly to those of the reference cement, indicating that sludge incorporation does not 

substantially alter the hydration products formed. 

Nevertheless, subtle differences were observed in the intensity of some bands. In particular, the 

signal corresponding to Ca(OH)₂ was slightly stronger in the blended systems, which is consistent 

with the Frattini results, where a Ca²⁺ contribution from the material was evidenced. In addition, 
higher intensity of carbonate-related bands was detected at intermediate ages, attributable to surface 

carbonation processes. 



 

 
Figure 9. FTIR spectra of cement hydration at different ages: a) CM10 and C; b) CM20 and 

C. 

 

Monitoring of the band associated with Ca(OH)₂ showed an initial increase in this phase followed 
by a progressive decrease with age, particularly in CM20. This behavior suggests partial 

consumption of Ca(OH)₂ during hydration, compatible with the presence of a reactive amorphous 

phase in the material. However, this consumption is limited and does not translate into effective 

pozzolanic behavior, in agreement with the previously obtained results. 

Isothermal calorimetry and FTIR results show that incorporation of M550 modifies the hydration 

kinetics of the cementitious system without substantially altering the nature of the products formed. 

The variations observed in the induction period and heat-flow intensity, together with the limited 

portlandite consumption, suggest a combined interaction dominated by physical effects (dilution 

and nucleation) and, to a lesser extent, by a restricted chemical contribution. In this sense, the 

material cannot be considered inert, but neither does it behave as an effective pozzolanic addition. 

Rather, it exhibits an intermediate behavior that supports interpretation of its incorporation into 

cementitious matrices in terms of compatibility and hydration-process modification, rather than as 

a significant reactive contribution. 

 

4. Conclusions 

The sludge obtained from the coagulation-flocculation treatment of flexographic printing 

wastewater showed a markedly heterogeneous composition, characterized by a high volatile 

fraction and the coexistence of kaolinite, calcite, quartz and rutile. Calcination of the residue, 

particularly at 550 and 700 °C, promoted the removal of organic matter and the structural 

transformation of the kaolinitic fraction into an amorphous metakaolinite-like phase, confirming 

that thermal treatment effectively modifies the residue and increases its potential reactivity. 



However, the results demonstrate that this structural transformation does not translate into effective 

pozzolanic behavior. Although the calcined materials interacted with lime solution and M700 

showed higher reactivity than M550 in the accelerated test, the Frattini test performed on M550 

yielded negative results for all replacement levels. This behavior was associated with the intrinsic 

ionic contribution of the residue, particularly its release of Ca²⁺ and OH⁻, which maintained high 
calcium concentrations in solution and masked any limited pozzolanic consumption that may have 

occurred. 

The hydration study further showed that the selected calcined sludge cannot be regarded as an inert 

filler, since it modified the hydration kinetics of blended cement systems. In particular, the 10% 

replacement level promoted a higher heat release during the acceleration period, while FTIR 

confirmed that the main hydration products remained similar to those of the reference cement. 

Nevertheless, the limited consumption of portlandite and the absence of positive Frattini results 

indicate that the residue does not behave as an effective supplementary cementitious material. 

Overall, the results show that thermal treatment substantially modifies the structure and reactivity 

of flexographic wastewater sludge, but these changes do not lead to effective pozzolanic behavior. 

The residue nevertheless alters the kinetics of Portland cement hydration, mainly through physical 

and ionic effects. These findings demonstrate the importance of combining thermal, structural, and 

calorimetric analyses when evaluating heterogeneous industrial residues, since conventional 

pozzolanicity tests alone may not fully describe their interaction with cementitious systems. 
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