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Abstract

:

Wastewater treatment plants (WWTPs) are critical infrastructures for wastewater management, and their durability is crucial. Due to their excellent water tightness and strength, cementitious materials are used to build WWTPs. However, the performance of these materials is affected by aggressive environments. There are few in situ experiments in the literature regarding the deterioration of cementitious materials in WWTPs. This paper investigates their deterioration mechanisms in a sewage pumping station and a sand-trap structure of a WWTP. In situ experiment was conducted by exposing cement specimens in both locations for 1, 2, 3 and 7 months. The physical and morphological changes of the specimens were examined using stereo microscopy and scanning electron microscopy, whereas the mineralogical/solid phase changes were examined using X-ray diffraction. The results showed that the specimens from the pumping station formed colored surface products, which were confirmed to be secondary minerals (i.e., gypsum and ettringite), whereas there were no colored surface products in the sand-trap structure. The results demonstrated that cementitious materials subjected to wastewater vapors (in a pumping station) had higher deterioration effects than those subjected to wastewater liquid (in a sand-trap structure), suggesting that the wastewater vapors are more aggressive toward cementitious materials than wastewater liquids.
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1. Introduction


The 17 United Nations Sustainable Development Goals include available and sustainable water and sanitation management [1]. Well-managed and durable wastewater treatment plants (WWTPs) are crucial targets for achieving these vital goals. However, one of the significant challenges facing WWTPs is the need for frequent maintenance, which causes high operation costs [2]. In the literature, it is reported that the frequent maintenance of WWTPs is caused by the deterioration of cementitious materials in concrete.



Cementitious materials are widely used as binders worldwide in constructing most engineering infrastructures, including WWTPs, in which concrete composites are primarily applicable. These materials are favored due to their low cost, high strength and excellent water tightness compared to other materials. However, due to the corrosive nature of wastewater, the use of cementitious materials in WWTP systems is hindered by the deterioration process. The deterioration of cementitious materials is caused by different chemicals (e.g., sulfates), as reported by [3], most of which are present in wastewater from domestic and industrial applications. The effects of the deterioration of cementitious materials in concrete-built sewage systems include the failure of the WWTP infrastructure before its designed service life [4].



WWTPs consist of several treatment units with deterioration mechanisms that differ from each other, as reported in [5]. The concretes in some of these treatment structures are submerged within wastewater liquid, whereas others are exposed to wastewater vapors (above wastewater level). One of the aspects of material deterioration is the change in terms of physical and chemical properties caused by chemical decomposition and the evolution of new mineral phases, as reported in [6]. However, in WWTPs, the mechanisms leading to the formation of these new mineral phases (also known as secondary phases) are still debated. Although some attempts to understand various factors involved in concrete deterioration in sewers were mentioned in [7], it is still not clear if a similar mechanism can be assumed in WWTPs as they consist of different treatment units, each with its own sewage conditions and perhaps exhibiting a different deterioration potential.



Various deterioration mechanisms of cementitious materials were discussed in [8], including (a) chemical-induced mechanisms, (b) microbe-induced mechanisms, (c) freezing and thawing processes, (d) alkali–silica reaction (ASR) and (e) physical damage. However, many authors, including those of [9,10,11], have demonstrated that the first two are the main deterioration mechanisms of concern in sewage concrete, and their effects cannot be easily separated in actual sewage conditions [9]. These chemical- and microbe-induced deteriorations involve common variables, mainly SO42−, CO2 and H2S, which are all present in sewage environments. The interaction of concrete and sewage results in the penetration of chemical substances into the cement matrix, thereby initiating the deterioration reactions with main cement chemical constituents [12]. In chemical-induced mechanisms, these chemicals dissolve directly into the porewater of hydrated cement, whereas in microbe-induced deterioration, the process involves the reactions between biochemical products such as H2S and cement chemical components (i.e., portlandite), leading to an alteration in cement chemistry. The presence of either chemical or biogenic deleterious eventually weakens the performance of cement-based materials by reacting with main cement hydration products as reported in the literature (e.g., [13,14,15,16].



The main objective of this study is to evaluate and compare the deterioration effects in terms of physical and mineralogical changes on cementitious materials exposed to wastewater vapors (e.g., in pumping stations) and wastewater liquids (e.g., sand-trap structure) in wastewater treatment plants. Two cement formulations were used, i.e., cement mortars and paste made from ordinary Portland cement (OPC). The purpose of studying both cement formulations was to compare the deterioration behavior of pure cement (i.e., paste) with that of the mortar composite (i.e., cement paste plus sand) typically used in concrete and coatings in WWTP infrastructures.




2. Materials and Methods


2.1. Study Location


The in situ experiment was conducted in the pumping station and sand-trap structures of a wastewater treatment plant (WWTP) site near Velence Lake in Hungary. The system comprises a sewage pumping station; sand-trap structures; and other treatment units such as activated sludge processes, primary clarifiers and biological treatment units. The pumping station and a sand-trap structure were selected to understand the deterioration processes that occur when concrete is below and above sewage. In the former location, cement specimens were exposed above the sewage line, interacting with aggressive sewage gases. In contrast, specimens were exposed below the sewage line in the latter location, interacting directly with sewage liquid.




2.2. Preparation of Cement Specimens


The mortar and paste cement specimens used in the study were made of ordinary Portland cement (CEM I 52.5 N according to the European Standard EN 197-1) [17], with the former being rectangular prisms (160 mm × 40 mm × 40 mm) and the latter in cylindrical molds (29 mm diameter by 30 mm height). Sixteen specimens were prepared at CEMKUT LTD (a cement research and development company in Budapest, Hungary). The mortar and paste specimens were prepared according to the EN 196-1 [18] and EN 196-3 [19] standards, respectively. In the case of mortar specimens, cement powder (450 g) was mixed with standard sand (1350 g) and deionized water (225 g) to reach a workable state (at a water/cement ratio of 0.5); in paste specimens, however, cement powder was mixed with deionized water to attain standard consistency. The chemical composition and the clinker phases of the used raw cement for the specimens is shown in Table 1 and Table 2 respectively. The prepared specimens were cured and stored in water at 20 °C for 28 days.




2.3. In Situ Experiment


The prepared (16) specimens were introduced to the selected sites: the pumping station and sand-trap structure. Eight mortar and paste specimens were put at each site. The experiment was conducted between July 2022 and March 2023. As a control, one reference sample from each specimen category was kept in ambient laboratory conditions for comparison with the exposed specimens.



In the pumping station, specimens were exposed using plastic container holders, which were uniformly perforated on all sides and bottoms to allow total exposure and avoid the build-up of condensed water at their bottoms. The specimen holders were hung at 2.5 m from the top and above the wastewater line with the help of rope (Figure 1a). Mortar and paste specimens were placed in separate holders to avoid interaction with each other during exposure.



In the sand trap, specimens were placed into a perforated 2 m PVC pipe holder with a diameter of 110 mm. About 0.75 m of the pipe containing specimens was submerged below sewage liquid, and the remaining 1.25 m portion was left above the sewage and fixed at the top (Figure 1b) to prevent it from being washed away by flowing sewage. Like in the pumping location, mortar and paste specimens were placed in separate holders to avoid interactions during exposure. The bottom of each holder was drilled to make small holes allowing the free passage of sewage and preventing the accumulation of sludge.




2.4. Specimen Removal and Preparation for Analysis


Exposed specimens were removed from the sites after the 1st, 2nd, 3rd and 7th months of exposure. Each time, specimens were photographed, carefully washed with demineralized water, and packed in light-density polyethene (LDPE) plastic bags in three layers to avoid any changes before analysis. In the laboratory, all specimens were autoclaved at 121 °C and 1.1 bar for 20 minutes for sterilization against bacterial contamination of analytical instruments. Then, they were air-dried in a desiccator containing silica gel at laboratory ambient temperature for a week. After drying, 2 cm × 2cm sample sections were cut from large specimens using a diamond saw for microscopic and SEM observation. For microstructure studies using stereo microscopy, cut sections were dry-polished using silicon carbide griding powder 1000 µm after impregnation with a fast-bonding adhesive liquid (loctite glue, universal).




2.5. Visual Observation of the Specimens


Visual inspection was conducted for all specimens retrieved from the sewage to identify any visible physical changes, including surface color and damage. Specimens were then photographed on all sides using an iPhone camera. Images of each specimen were documented for comparison. Specific areas of interest were marked for microscopic observation.




2.6. Stereo Microscopy


Stereo microscopy imaging (Nikon’s SMZ 1000 model) coupled with a digital camera was used to obtain images of cut sections of the specimens. Imaging software (Digicam and irfanview64 version 4.25 [23]) integrated into the microscope was used to generate images of the area of interest. The uncut section was used to examine the surface deterioration, the cut section was used to observe the change in microstructure. The instrument was installed at the LRG lab and operated by Eötvös Loránd University, Budapest Hungary.




2.7. Scanning Electron Microscopy


Scanning electron microscopy (SEM) (Hitachi TM 4000 plus model, operated at KKIC, ELTE) was used to obtain morphological information on the specimen’ surface. SEM images were obtained using a secondary electron detector (SEM-SE) operated at 15kV at a low vacuum due to the porous nature of cement samples. Sample sections were prepared as explained in Section 2.4. SEM imaging was performed on exposed (unpolished) surfaces of the samples to avoid losing the deterioration products of interest. SEM analyses were performed at the KKIC, Eötvös Loránd University, Budapest Hungary.




2.8. X-ray Diffraction analysis


X-ray Diffraction analysis (XRD) was performed to identify and quantify the mineralogical compositions of the studied specimens. Before the analysis, a cut section used in the SEM analysis was manually ground into powder of less than 63 µm using a mortar and pestle. The powder was then analyzed using a Bruker D2 phaser XRD powder diffractometer (configured with CuKα radiation, 30 Kv, 10 mA) with a solid-state 1D LynxEye detector in Bragg–Brentano geometry in Theta/Theta vertical goniometer alignment. Step-scan mode measurements were run with a 0.006° (2θ) step size and 0.15 s per step in the 5° (2θ) to 70° (2θ) region. The evaluation of the diffraction results was performed in the DIFFRAC.EVA V6.0 (Bruker2021) module of the Bruker DiffracPlus data handling software package. The mineral phases were identified using the search/match procedure based on the Crystallographic Open Database (COD). Quantitative analysis was performed using Rietveld refinement in TOPAS V6.0 software (Bruker, 2018). All XRD measurements were performed at the Directorate of Geology, Supervisory Authority for Regulatory Affairs, Budapest Hungary.





3. Results


3.1. Visual Appearance


After two months of exposure to the pumping station, the specimens showed physical changes, including a change in color from grey to various colors (i.e., brown, white, yellow, red and dark grey) (Figure 2a and Figure 3a). In the sand-trap structure, specimens maintained their original grey color (Figure 2b and Figure 3b). After seven months of exposure, the surface of paste specimens in the pumping station developed massive white, soft and mushy by-products, which were easily detached. In contrast, the specimens in the sand trap did not form such products (Figure S2). Moreover, the edges of specimens from the pumping station showed more physical damage (Figure S1a,c), whereas there was less physical damage in the sand trap (Figure S1b,d).




3.2. SEM Observations


Figure 4 shows different SEM images of an uncut section of specimens exposed to the pumping station. After two months of exposure in a pumping station, the microscopic observation of specimens revealed the development of massive crystals. The morphology of crystals includes sheet-like crystals, spongy-like crystals and prismatic needle-like crystals, which were later confirmed using XRD as portlandite (Ca(OH)2), gypsum (CaSO4.2H2O) and ettringite (Ca6Al2(SO4)3 (OH)12. 26H2O). This observation applied to mortars (Figure 4) and cement pastes (Figure S3b,c). During the 2-month exposure, the sheet-like crystals dominated the specimen, but over time, the surface was over-dominated by spongy-like crystals. In the sand-trap case, the specimens’ SEM images did not reveal any defined crystals (Figure S3d,e). Despite their difference in the formation of surface morphologies, the microstructure images of the cut sections of mortar samples did not show significant variations, as shown in Table S4.




3.3. X-ray Diffraction Analysis


3.3.1. Cement Pastes


Table 3 and Table 4 show the phase composition of cement pastes from the pumping station and sand trap, respectively. The analysis of reference cement pastes shows the presence of clinkers, hydration phases and secondary phases, except gypsum and ettringite. However, after exposure to wastewater vapors in the pumping station, the following changes occurred: firstly, the amount of some phases (e.g., alite, portlandite and calcite) was slightly decreasing whereas others were increasing (e.g., brownmillerite and amorphous C-S-H); secondly, there was the appearance of new phases (e.g., gypsum and ettringite) but others were disappearing (e.g., akermanite and thaumasite). In the case of pastes from the sand trap, there was a slight increase in main clinker (i.e., alite), an increase in hydration phases (i.e., portlandite, amorphous C-S-H), the absence of gypsum and the disappearance of calcite and thaumasite during the last month of exposure. After the seventh month of exposure, the sum of phases in the cement pastes showed the following order:




	
Pumping station: secondary phases (45%) > hydration phases (33%) > clinker phases (21%).



	
Sand trap: secondary phases (8%) ˂ clinker phases (32%) ˂ hydration phases (57%).



	
After the seventh month of exposure, the total amount of secondary phases for cement pastes from the pumping station was 5.6 times higher than that in the sand-trap structure.









3.3.2. Cement Mortars


Table 5 and Table 6 show the phase composition of cement mortars exposed to the pumping station and sand trap, respectively. The phase assemblage of reference mortars shows a large amount of quartz (67%) and a small amount of other phases (i.e., clinkers, hydration, and secondary phases). As in the reference cement paste, gypsum and ettringite phases were absent from the reference mortar. Interestingly, the main binding phase (i.e., amorphous C-S-H) was also absent from the reference mortar. After a few months of exposure to the pumping station, there were slight changes in the amounts of phases, with some showing an increase whereas others showed a decrease. Notably, there was a minimal amount of gypsum appearance compared to cement pastes, with the disappearance of phases (e.g., alite, belite) and thaumasite. The amount of quartz remained large for reference and exposed mortars even after the seventh month of exposure. In the case of mortars from sand-trap structures, the phase assemblage was almost like those from the pumping station except for the absence of gypsum. After the seventh month of exposure, the sum of phases in the cement mortars was in the following order:




	
Pumping station: quartz (66%) > secondary phases (13%) > clinker phases (11%) >hydration phases (8%).



	
Sand trap: quartz (60%) > secondary phases (8%) ˂ clinker phases ˂ (32%) hydration phases (57%). After the seventh month of exposure, the total amounts of secondary phases in mortars from both sites were equal, showing no phase difference between the two systems.











4. Discussion


This paper discusses the physical and phase changes in the exposed cement specimens in the pumping station and sand-trap locations.



4.1. Physical Changes of Deteriorated Cement Specimens


(a) Pumping station



The appearance of new colors, such as white, yellow and brown, for specimens from the pumping station (Figure 2a and Figure 3a) suggests that there was the formation of deterioration products that were not present in the reference sample and in the initial months of exposure. The formation of whitish products is associated with the presence of gypsum caused by the adsorption of H2S [24], which was also demonstrated by the presence of a significant amount of gypsum and ettringite in our study (Table 2 and Table 3). The studied cement pastes from the pumping station had massive precipitation on their surface as compared to mortars (Figure S1a,c). This suggests that cement pastes were more vulnerable than mortars in the presence of aggressive wastewater gases. Also, the better performance of mortars compared to pastes is perhaps due to the added sand grains. In [25], it was suggested that the material changes associated with massive pop-ups of whitish and yellowish corrosion products resulted from an acidic attack caused by H2S, as demonstrated in this study (Table S1).



(b) Sand-trap structure



In the case of specimens from the sand-trap structure, there were few changes in the surfaces of exposed specimens, and they kept the grey color (Figure 2b and Figure 3b), suggesting that wastewater liquid (in this site) had less deterioration effect compared to wastewater gases (in the pumping station). This was also confirmed by the absence of secondary minerals linked to corrosion products such as gypsum and ettringite (Figure S3d,e).




4.2. Phase Change Due to Cement-Wastewater Interaction


The phase changes in specimens from both sites, as shown in Figure 5a,b and Figure 6a,b, are discussed in the following section. In both cases, a comparison is made between cement pastes and mortars.



4.2.1. Clinker Phases


(a) Cement paste



After the seventh month (210 days) of exposure to the pumping station, cement paste specimens had fewer clinker phases than the reference specimen (Figure 5a), suggesting that the hydration process was still taking place. The hydration process in cement lowers the amount of clinker phases, such as alite (Ca3SiO5) and belite (Ca2SiO4), by forming hydration products such as portlandite (portlandite—CH) and amorphous calcium silicate hydrate (C-S-H) [26]. Even though the cement used in the experiment initially had aluminate (Ca3Al2O6) and gypsum (Table 2), their disappearance in reference pastes suggests that they reacted entirely during the early hydration reactions in the curing stage to form monosulfoaluminates [8]. In the hydration reaction, the proposed order of disappearance of clinkers is as follows: aluminate (C3A) > alite (C3S) > brownmillerite (C4AF) > belite (C2S) [27], indicating that aluminate is highly reactive and belite is the least reactive phase. However, the results of the present study did not agree with the proposed disappearance order, as belite disappeared before alite. Presence of brownmillerite in this circumstances were not understood.



In the case of specimens from the sand trap, the higher amount of alite (17%) as compared to the reference (12%), as shown in Figure 5b, suggests that there was precipitation of alite instead of dissolution. A higher amount of alite is perhaps due to the diffusion of alkalis (i.e., Ca2+) and silicate from soil particles carried in wastewater. The diffusion of Ca2+ also tends to retard the hydration of cement, as explained in the literature [27]. Moreover, this phenomenon can be caused by the diffusion of other ions, such as Cl- and SO42- which also causes the retarding of cement hydration. An increasing tendency was observed in brownmillerite (Ca4Al2Fe2O10) and akermanite (Ca2Mg(Si2O7)) in pastes from sand-trap structures.



(b) Mortar specimens



The phase assemblage of reference and exposed mortar specimens from both locations was dominated by a large amount of quartz (>60%) (Figure 6a,b). This was due to the presence of sand grains added during the preparation of mortar [28]. The disappearance of alite from the last mortar after the seventh month of exposure suggests that mortar specimens have a higher hydration rate than cement pastes. This is due to the high porosity of the mortar matrix caused by the presence of sand, as explained in [29]. In the case of mortars from a sand trap, the reason for the slight increase in alite from 4% (in the reference specimen) to 9% (in the last specimen) is similar to that for cement pastes in the same location. Furthermore, the presence of feldspar, plagioclase and mica in mortars is associated with clay particles that might have been adsorbed by sand, and their increase in the sand-trap structure is likely caused by penetration of tiny amounts of soil particles along with sewage into the mortar matrix.




4.2.2. Hydration Phases


Portlandite (CH) and calcium silicate hydrate (C-S-H) are the main products of ordinary Portland cement hydration reactions (Equations (1) and (2)) [30]. These phases control the durability of hydrated cement by maintaining its alkalinity and mechanical properties, respectively [8]. In other words, the attack of these phases initiates the deterioration of hydrated cement due to loss of its alkalinity and mechanical strength.



In the pumping station, where specimens were exposed to wastewater vapors above wastewater liquid, the decrease in portlandite (as shown in Figure 5a) from 25% (in the reference specimen) to 13% (after the seventh month) suggests that it was being consumed by aggressive substances, perhaps H2S and CO2, to form secondary phases (i.e., gypsum and calcite). It was suggested in [31,32] that this portlandite reduction in hydrated cement occurs during acidic attacks, which decreases the pH, thereby causing its dissolution and subsequent decalcification. In the case of the sand-trap structure, the increase in portlandite (Figure 5b) suggests that specimens from this site were not subjected to acidic attacks as their counterparts from the pumping station were. The observed slight increase in portlandite is likely due to the diffusion of alkali (e.g., Ca2+) from wastewater liquids. The effects of ion diffusion in cement hydration were described in [27]. These alkalis increase the OH- in porewater by raising its pH, but also may react with available Ca2+ in porewater to form more portlandite. At a high pH (>12), the hydration phases (i.e., portlandite, C-S-H) become more stable and resist dissolution, while at a lower pH (˂12), they become unstable and undergo dissolution and decalcification. In both exposure locations, C-S-H slightly increased, suggesting that the deterioration reactions initially affect portlandite and proceed to C-S-H in the later stages. In the case of mortars, the behaviors of hydration products (i.e., portlandite and katoite (C3AH6)) were similar to those of cement paste. The presence of small amount of portlandite and the disappearance of C-S-H (Figure 6a,b) were likely due to the alkali–silica reaction (ASR) between the alkaline phases (portlandite and C-S-H) and the reactive silica from the sand forming crystalline quartz (SiO2). This was confirmed by the presence of a more significant amount of quartz, which formed a larger proportion of the phase assemblage of cement mortars (60–70%) (Figure 6a,b).


C3S+5.3H → C1.7SH4+1.3CH



(1)






C2S+4.3H → C1.7SH4+0.3CH



(2)








4.2.3. Formation of Secondary Phases


Calcite Formation


The mechanisms of calcite formation in cementitious materials were explained in, e.g.,[3,27,33] and the reaction of calcite formation is presented in Equations (3) and (4). Calcite formation is caused by carbonation, a deterioration process induced by CO2 diffusion [12,34]. In the literature, it is unclear which concrete parts, between those exposed below wastewater liquid and those above wastewater liquids (i.e., in wastewater vapors), are highly affected by the carbonation process. Some authors, e.g., [10], indicate that CO2 volatilizes into the system atmosphere after production in the sewage system, making upper parts (those above the wastewater level) more affected than those below. However, in this study, cement specimens from both sites show the presence of calcite. This suggests that wastewater liquids (in sand traps) and vapors (in pumping stations) can cause concrete carbonation. Similar results were also reported in [35], where the XRD peaks of calcite were identified in specimens exposed to entrance channels, primary sedimentation tanks and aeration tanks of an aged wastewater treatment plant. The CO2 in wastewater vapor and wastewater liquid is classified as free CO2 gas and aggressive aqueous CO2 [36]. The former is the source of the calcite in wastewater vapors (e.g., pumping station), whereas the latter is responsible for calcite formation in the wastewater liquid (e.g., sand trap). The presence of calcite in hydrated cement at the initial stages is helpful for the performance of concrete as it helps to reduce porosity and increases stiffness, thereby improving compressive strength. However, it can reduce surface pH in later stages and render the material susceptible to microbial corrosion [36].



Moreover, the disappearance of calcite in the seventh month for specimens exposed to wastewater liquid in a sand trap is linked to the increase in portlandite stability caused by high pH caused by the diffusion of wastewater alkalis. Also, the literature indicates that calcite dissolves at high pH, unlike portlandite, resulting in the release of Ca2+ and HCO3− ions.


CO2 + H2O → H2CO3



(3)






H2CO3 + Ca(OH)2 → CaCO3



(4)








Gypsum Formation


The formation of gypsum as a secondary phase in the hydrated cement is caused by actions of sulfur-related compounds (i.e., H2S and SO42−) present in wastewater [37,38]. Although it is initially added as an additive during cement grinding to control cement setting [8], its reappearance in hydrated cement as a secondary phase is not beneficial, as it causes expansion, cracking and the reduction of concrete lime. The literature suggests that gypsum precipitates in low-pH conditions, and its presence in hydrated cement indicates the aftermath of acidic corrosion by H2SO4. The phase analysis results revealed that specimens exposed to wastewater vapors in the pumping station had a significantly large amount of gypsum, and its increase was related to the decrease in portlandite (Figure 5a and Figure 6a), suggesting that in wastewater vapors, gypsum was formed at the expense of portlandite. Similar effects of acidic attack on cement portlandite were also explained in a review paper [39], as summarized in Equations (5) and (6). The deterioration process involves sulfide oxidation to sulfuric acid, which eventually reacts with portlandite to form gypsum. Further effects of acidic attack on hydrated cement were reported in [4,31,39], including dissolution and decalcification of alkaline phases (i.e., portlandite and C-S-H). This was the likely reason for the loss of physical integrity of specimens from the pumping station accompanied by surface corrosion products, as shown in Figures S1a,c and S2.



However, in the case of wastewater liquid (in the sand trap), the disappearance of gypsum from all samples throughout the exposure periods, as shown in Figure 5b and Figure 6b, suggests that the specimens were not subjected to acidic corrosion, unlike the case of wastewater vapors (in pumping station). The possible reason is due to the diffusion of alkalis (e.g., Ca2+, Na+), which increases the OH- of the porewater, thereby raising its pH. According to the literature, the dissolution of alkaline phases (such as portlandite and C-S-H) decreases at high pH. Therefore, as more wastewater was absorbed into porewater, more alkalis were also absorbed, resulting in high pH and the stability of alkaline phases. This was also confirmed by the continuous increase in portlandite and C-S-H, indicating that the wastewater specimens (in the sand trap) were not affected by the acidic attack, unlike the case of wastewater vapors (in the pumping station). Other effects caused by the diffusion of ions (e.g., Ca2+) into concrete’ porewater were described in [27,40], including retardation of hydration of cement as explained in Section 4.2.2.



Gypsum formation in H2S phase is as follows:


H2S + 2O2 → H2SO4



(5)






Ca(OH)2 + H2SO4 → CaSO4.2H2O (gypsum)



(6)








Ettringite and Monosulfoaluminate Formation


Similarly to gypsum, the formation of ettringite minerals in hydrating cement plays a significant role in the early stages, as it helps shrinkage compensation during drying [26]. However, its formation as a secondary phase causes durability challenges. It causes more considerable volume expansion, leading to severe cracking of concrete parts [8,27]. Secondary ettringite formation (also known as delayed ettringite formation in the literature) is caused by an external sulfate source from the exposure solution. Wastewater contains sulfate content (30–60 mg/L) [41], which may significantly cause ettringite formation. Ettringite formation depends on the availability of gypsum, which reacts with aluminate in porewater according to Equation (7) [30,42]. This was demonstrated by the presence of ettringite along with a high amount of gypsum in the specimens from the pumping station, as shown in Figure 5a,c. In other words, the literature states that ettringite cannot be formed without gypsum. However, its appearance in specimens from sand-trap structures in the current study suggests that ettringite can still be formed by different mechanisms, including the direct reaction of SO42− with a group of ions such as Ca2+, Al(OH)−4 and OH- present in porewater as shown in Equation (8) [8]. In both mechanisms (illustrated in Equations (7) and (8)), in the event of exhaustion of either gypsum or sulfate ions, ettringite may react with aluminate to form a monosulfoaluminate phase (Afm) according to Equation (9) [30], which some studies claim is metastable phase under all conditions, and its OH− may be replaced partially or totally by other anions (e.g., CO32−, SO42−, Cl−) to form different deterioration phases (e.g., hydrocalumite) as reported in the current phase analysis (Figure 5b and Figure 6b).



Ettringite and Afm formation by gypsum–C3A reaction is as follows:


CaSO4.2H2O + 3CaO.Al2O3 + 26H2O → Ca6Al2(SO4)3 (OH)12. 26H2O (ettringite)



(7)







Ettringite and Afm formation by direct SO42−–ion reactions is as follows:


3Ca2+ + 2Al(OH)4− + 2OH- + 3SO42− + 2H2O→ Ca6Al2(SO4)3 (OH)12. 26H2O (ettringite)



(8)






2(Ca3.Al2O6)+ Ca6Al2(SO4)3 (OH)12. 26H2O +4H2O→ 3(Ca4Al2(SO4).12H2O) (Afm)



(9)







(c) Monosulfoaluminate formation



In a thermodynamic modeling study [43], it was reported that monosulfoaluminate (AFm) precipitation can only occur in the absence of carbonate. However, this was not the case in the actual conditions of the present study, as monosulfoaluminate was present regardless of the absence or presence of calcite in the system. This suggests that modeling or laboratory-based experiments need to be complemented by real-site experiments to better understand the chemical characterization of cement-based materials and their performances in various environments.




Thaumasite Formation


According to [27], thaumasite (Ca3Si(OH)6CO3SO4.12H2O) is formed in the presence of both carbonation and sulfate attacks in hydrated cement, as shown in Equation (10) [27], and is responsible for the severe weakening of concrete. Apart from the presence of CO2 and SO42−, its formation requires additional conditions such as the availability of calcium silicate hydrates, low temperature (˂15 °C) and high humidity [15]. Unlike calcite, which is formed after the carbonation of portlandite, resulting in a reduction in concrete alkalinity, thaumasite causes severe problems in concretes, including softening, spalling and, ultimately, the loss of structural integrity and mechanical strength. This is due to the loss of C-S-H, the main hydration product responsible for the mechanical properties of hydrated cement.



The present study noted that thaumasite formation only occurred in cement pastes, suggesting that the mortar had better resistance to thaumasite formation. The disappearance of thaumasite in cement mortars (Figure 6a,b) was caused by the absence of calcium silicate hydrate (C-S-H), which is a leading nucleating agent for thaumasite formation as indicated in Equation (10). According to [44], mortars and concrete have superior resistance against thaumasite formation because of low Ca/Si caused by sand admixture. In other words, low Ca/Si causes the instability and dissolution of C-S-H, making it hard for thaumasite to form. Other studies suggest that reactive silica in sand reacts with C-S-H together with portlandite to form quartz (SiO2), thus increasing the quantity of Si in solution against the Ca, which, lowers Ca/Si. This phenomenon was confirmed by a large quantity of quartz (60–70%) in mortars from both exposure locations.



In cement pastes, thaumasite was observed in many specimens except for reference and 7th-month specimens from both locations. In the reference specimen (stored in ambient laboratory conditions), the presence of thaumasite despite the absence of gypsum was likely due to the presence of monosulfoaluminate. Despite the presence of all conditions, the disappearance of thaumasite in the last cement paste from the pumping station was not apparent. Moreover, its disappearance in the last paste specimen from the sand-trap structure, as shown in Figure 5b, was due to the disappearance of calcite and the absence of gypsum from the hydrated cement. The disappearance of gypsum in specimens from sand traps was explained in the “Gypsum Formation” section.


3CaO.2SiO2.3H2O + 2CaSO4.2H2O + 2CaCO3 + 24H2O → 2(Ca3Si(OH)6CO3SO4.12H2O)+Ca(OH)2



(10)











5. Conclusions


In this work, the deterioration of cementitious materials subjected to wastewater vapors (in a pumping station) and wastewater liquid (in a sand trap) was evaluated and compared regarding physical and cement mineralogical changes as follows:




	
The visual and morphological analysis results indicate that the chemical conditions in the pumping station caused more deterioration in cementitious materials than those in the sand-trap structure. The deterioration signs included the formation of surface corrosion products covering the sample surface and the color and physical change of sample edges.



	
The XRD results indicate that specimens from the pumping station showed more significant cement mineralogical changes than those from sand-trap structures. The significant mineralogical change of specimens from the pumping station was due to the formation of gypsum, which is 35% of the mass of the exposed specimens. The gypsum formation resulted from biogenic sulfuric acid attack caused by the oxidation of H2S in wastewater vapors. On the other hand, specimens from sand-trap structure showed no presence of gypsum but increase in portlandite can be observed. The increase in portlandite in the sand trap means that the wastewater liquid was less likely to cause acidic corrosion of the exposed cement. Instead, it contributed to the diffusion of ions such as Ca2+ into the cement matrix, thereby increasing its stability towards wastewater exposure. The overall amount of secondary mineral phases (e.g., gypsum) in the pumping station was up to 5.6 times higher than the amount in the sand-trap structure.



	
In each exposure location, cement mortar specimens had little change compared to pastes, suggesting that the addition of sand improves the cement mortar’ resistance to deterioration.
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Figure 1. The in situ experiment set-up shows specimens exposed to the pumping station (a) and to sand-trap structure (b). In the pumping station, sample holders were fixed above the wastewater line, and the system was always closed except during sample removal. In contrast, in the sand-trap structure, sample holders were submerged in wastewater liquid and fixed on a metal bar. 
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Figure 2. Physical changes of cement paste specimens after different periods of exposure (R indicates the reference specimen, and the numbers on specimens indicate the periods of exposure in months). The specimens from the pumping station after 2, 3, and 7 months of exposure show the development of surface deterioration products, whilst their counterparts from sand-trap structures show no surface deterioration products. 
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Figure 3. Physical change of cement mortar specimens after different periods of exposure (R indicates the reference specimen, and numbers on specimens indicate the periods of exposure in months). The specimens from the pumping station after 2, 3 and 7 months of exposure show more considerable surface changes than their counterparts from sand-trap structures. 
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Figure 4. SEM images of specimens from the pumping station indicating the morphologies on their surfaces: (a) reference; (b) 1-month-old specimen; (c) 2-month-old specimen; (d) 3-month-old specimen; Afm—monosulfoaluminate. 
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Figure 5. (a) Phase composition of cement pastes exposed to the pumping station. Phases between alite and akermanite from the bottom are unreacted clinkers, whereas those from portlandite to katoite are hydration products, and the remaining phases between calcite and thaumasite are secondary phases formed from deterioration reactions. (b) Phase composition of cement pastes exposed to the sand-trap structure. Phases between alite and akermanite from the bottom are unreacted clinkers, but those from portlandite to katoite are hydration products, and the rest are secondary phases. 
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Figure 6. (a) Phase composition of cement mortars exposed to the pumping station. Phases between alite and brownmillerite from the bottom are clinker phases; those from quartz to mica are natural minerals from sand, whereas those between portlandite and katoite are hydration products, and the remaining are secondary phases. (b) Phase composition of cement mortars exposed to the sand-trap structure. Phases between alite and brownmillerite from the bottom are the unreacted clinker phases; however, those from quartz to mica are natural minerals from sand, those between portlandite and katoite are hydration products, and the remaining are secondary phases. 
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Table 1. Chemical composition of cement used for specimens.
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	Components
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	K2O
	Na2O
	SO3
	Cl-
	TiO2





	(m/m%)
	19.21
	5.83
	3.62
	65.75
	2.40
	0.26
	0.02
	3.43
	0.016
	0.4







Chemical composition was determined by wet chemistry according to EN 196-2 [20]and MSZ 525-5 (for TiO2) [21].













 





Table 2. Calculated clinker phases of the used cement.
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	Clinker Phase
	Alite (C3S)
	Belite (C2S)
	Aluminate (C3A)
	Aluminoferrite

(C4AF)
	Gypsum
	Free CaO
	Insoluble Residue





	(m/m%)
	57.45
	11.78
	9.30
	11.02
	5.83
	2.5
	0.36







The theoretical clinker phase compositions were calculated using Bogue formulae [22]. Free CaO and insoluble residue were determined according to MSZ 525-12 [21]and EN 196-2 [20]standards, respectively.













 





Table 3. Phase composition (%) in paste specimens from pumping site.
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Sample

	
Clinker Phases

	
Minor Clinker Phases

	
Hydration Phases

	
Secondary Phases




	
Alite

	
Belite

	
Brownmillerite

	
Merwinite

	
Akermanite

	
Portlandite

	
Amorphous C-S-H

	
Katoite

	
Calcite

	
Gypsum

	
Ettringite

	
Monosulfoaluminate

	
Thaumasite






	
Reference

	
12

	
9

	
4

	
12

	
2

	
25

	
10

	
13

	
7

	
nd

	
nd

	
3

	
3




	
1-Month

	
12

	
7

	
5

	
11

	
2

	
24

	
10

	
13

	
6

	
2

	
4

	
2

	
2




	
2-Month

	
11

	
7

	
4

	
10

	
3

	
21

	
9

	
13

	
6

	
4

	
7

	
3

	
2




	
3-Month

	
9

	
9

	
4

	
10

	
3

	
20

	
10

	
11

	
3

	
11

	
5

	
3

	
3




	
7-Month

	
11

	
nd

	
5

	
5

	
nd

	
13

	
12

	
8

	
3

	
35

	
4

	
3

	
nd








nd—not detected.













 





Table 4. Phase composition (%) in paste specimens from sand trap.
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Samples

	
Clinker Phases

	
Minor Clinkers

	
Hydration Phases

	
Secondary Phases




	
Alite

	
Belite

	
Brownmillerite

	
Merwinite

	
Akermanite

	
Portlandite

	
Amorphous C-S-H

	
Katoite

	
Calcite

	
Gypsum

	
Ettringite

	
Monosulfoaluminate

	
Thaumasite






	
Reference

	
12

	
9

	
4

	
12

	
2

	
25

	
10

	
13

	
7

	
nd

	
nd

	
3

	
3




	
1-Month

	
13

	
9

	
4

	
11

	
2

	
24

	
10

	
12

	
6

	
nd

	
3

	
4

	
2




	
2-Month

	
11

	
9

	
3

	
9

	
4

	
25

	
10

	
13

	
7

	
nd

	
2

	
5

	
2




	
3-Month

	
13

	
7

	
5

	
10

	
4

	
26

	
12

	
13

	
4

	
nd

	
nd

	
4

	
2




	
7-Month

	
17

	
nd

	
5

	
5

	
7

	
28

	
15

	
14

	
nd

	
nd

	
3

	
5

	
nd








nd—not detected.













 





Table 5. Phase composition (%) in mortar specimens from pumping site.
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Specimens

	
Clinker Phases

	
Natural Minerals

	
Hydration Phases

	
Secondary Phases




	
Alite

	
Belite

	
Brownmillerite

	
Quartz

	
Feldspar

	
Plagioclase

	
Mica

	
Portlandite

	
Katoite

	
Amorphous C-S-H

	
Calcite

	
Gypsum

	
Ettringite

	
Monosulfoaluminate

	
Thaumasite






	
Reference

	
4

	
4

	
1

	
67

	
6

	
1

	
4

	
7

	
1

	
nd

	
3

	
nd

	
nd

	
2

	
nd




	
1-Month

	
5

	
5

	
1

	
60

	
5

	
1

	
4.5

	
9

	
2

	
nd

	
6

	
nd

	
0.5

	
1

	
nd




	
2-Month

	
6

	
4

	
1

	
58

	
7

	
1

	
4

	
9

	
2

	
nd

	
3

	
2

	
1

	
2

	
nd




	
3-Month

	
6

	
3

	
1

	
61

	
5

	
1

	
5

	
6

	
1

	
nd

	
1

	
5

	
2

	
2

	
nd




	
7-Month

	
nd

	
nd

	
3

	
66

	
5

	
nd

	
3

	
5

	
3

	
nd

	
3

	
6

	
2

	
2

	
nd








nd—not detected.













 





Table 6. Phase composition (%) in mortar specimens from sand trap.
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Specimens

	
Clinker Phases

	
Natural Minerals

	
Hydration Phases

	
Secondary Phases




	
Alite

	
Belite

	
Brownmillerite

	
Quartz

	
Feldspar

	
Plagioclase

	
Mica

	
Portlandite

	
Amorphous C-S-H

	
Katoite

	
Calcite

	
Gypsum

	
Ettringite

	
Monosulfoaluminate

	
Hydrocalumite

	
Thaumasite






	
Reference

	
4

	
4

	
1

	
67

	
5.5

	
1

	
4

	
7

	
nd

	
1

	
3

	
nd

	
nd

	
2

	
0.5

	
nd




	
1-Month

	
6

	
2

	
1

	
70

	
5

	
1

	
4

	
6

	
nd

	
1

	
3

	
nd

	
1

	
2

	
1

	
nd




	
2-Month

	
5

	
4

	
1

	
63

	
6

	
1

	
5

	
7

	
nd

	
1

	
3

	
nd

	
1

	
2

	
1

	
nd




	
3-Month

	
6

	
3

	
1

	
67

	
6

	
1

	
5

	
5

	
nd

	
1

	
3

	
nd

	
1

	
2

	
1

	
nd




	
7-Month

	
9

	
nd

	
5

	
60

	
5

	
4

	
1

	
7

	
nd

	
5

	
9

	
nd

	
1

	
3

	
nd

	
nd








nd—not detected.
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