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Abstract

:

This research addresses the replacement of cement by an untreated waste from the petrochemical industry. The effects of partial replacement of cement by spent fluid cracking catalyst (SFCC) on properties of mortar were determined. In this study, a series of mortar mixes was prepared with replacement ratios of 0%, 3%, 6%, and 12%. Furthermore, performance enhancing factors such as SFCC treatment or use of plasticizers were avoided. Workability, compressive strength, and durability related properties were assessed. An improvement regarding resistance to chloride penetration was observed, as well as that, when curing in salt water, the use of SFCC may be advantageous regarding compressive strength.
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1. Introduction


Nowadays, the construction industry is making an effort to incorporate different types of waste into cementitious composites, contributing to sustainability through materials diversification, cost decrease, and judicious use of raw materials [1]. The CO2 emissions, as well as the consumption of natural resources, associated to cement production encourage the use of industrial wastes as supplementary cementing materials (SCM). The petrochemical industry generates a by-product, a catalyst from the fluid catalytic cracking units, which after several cycles of use and regeneration becomes exhausted. These spent fluid cracking catalysts (SFCC) are aluminosilicates and thus can be used as binder in cementitious mixes [2]. The partial replacement of cement by SFCC brings three potential advantages: the diminution of CO2 emissions, the saving of raw materials for cement production, and the reuse of a waste. Therefore, the SFCC influence on cementitious composites has been investigated.



Su et al. [3] experimentally investigated the toxicity of SFCC due to and eventual leaching of heavy metals and concluded that it is a non-hazardous material. Although it was found that SFCC diminishes workability [4,5] and carbonation resistance [6], while it improves the resistance to chloride penetration [7,8], the influence on compressive strength is not clear [9]. Moreover, results of SFCC influence on transport properties of cementitious composites are scarce. Serious deterioration problems such as sulphate attack and alkali-silica reaction involve the transport of the deleterious ions and liquids through the porous structure of cementitious composites and therefore, testing transport processes—such as sorptivity and permeability—is crucial on the basis of durability assessment.



A standout fact in the literature review is the range of replacement ratio, with a maximum of 50% [10] and with an average around 15%. Considering the worldwide annual amount of generated SFCC—around 160 thousand tonnes [11]—and the current annual cement production/consumption of 4100 million tonnes [12], the above mentioned ratios will rapidly expend the whole of the generated SFCC. On the other hand, if limited amounts per application are allowed, the impact of SFCC incorporation may be low, even negligible.



Furthermore, most investigations have been carried out on treated, i.e., ground or thermally activated, SFCC, whereas an eco-friendly strategy shall aim at avoiding energy-consuming processes, such as those.



The aim of this study is to investigate the influence of low amounts of untreated, i.e., as disposed, SFCC as cement replacement in the properties of cement mortars, without changing the superplasticizer content. Moreover, as in the construction of some maritime structures’ concrete, the cementitious composite is submerged in seawater just hours after casting, because this is a cheaper and easier curing process [13]; the influence of cement replacement by SFCC on compressive strength under such conditions is also addressed.




2. Materials and Methods


A series of tests was conducted, initially aiming at a comprehensive characterization of SFCC. Anticipating a loss of workability when replacing cement by untreated SFCC, and still envisaging to avoid the use of plasticizers, a high water-cement ratio was adopted. Thus, a mortar mix using cement, sand, and water in mass proportions of 1:3:0.60 was used as reference mortar. The remaining mixes were based on the previous one with cement replacement by SFCC at distinct levels: 3%, 6%, and 12% (mass). No chemical admixtures were added. The mix coding is defined following the replacement level: R0 (reference mix), R3, R6, and R12. All mixes were tested for workability, compressive strength (with different curing conditions), sorptivity, air-permeability, carbonation resistance, and resistance to chloride penetration.



2.1. Materials


The materials used in the present investigation included an ordinary Portland cement, conforming to EN 197-1 [14] requirements for CEM I 42.5R, SFCC powder, as mineral admixture, and a 0–4 mm siliceous natural sand. The SFCC powder was supplied by a cracking catalytic unit (Sines-Portugal refinery). It was tested and used as received. Table 1 provides the estimated chemical composition of SFCC and cement. The SFCC seems mainly composed of SiO2 and Al2O3 and residual amounts of other species. Figure 1 reveals spherical/elliptic particles of SFCC and some clusters as well. These clusters were formed during the previous activity of the material as catalyst. Furthermore, the sequence and intensity of major peaks identified in the X-ray diffractogram (D8, Bruker, Billerica, MA, USA) (Figure 2) are typical from an original zeolite variety named faujasite [15].



The specific surface areas of SFCC and cement are 118 m2/g and 375 m2/kg, as assessed through Brunauer-Emmett-Teller (BET) and Blaine methods, respectively, while the respective specific gravities are 2.17 g/cm3 and 3.14 g/cm3. The siliceous sand had a specific gravity of 2.63 g/cm3. Figure 3 depicts the particle size distribution of each solid constituent of the mortar. The SFCC is mainly composed of particles with diameters between 20 and 500 μm, whereas the cement has particles with sizes ranging between 0.4 and 300 μm.



The evaluation of pozzolanic activity was performed using an indirect method: electrical conductivity variation. A 200 mL volume of saturated solution of Ca(OH)2 was prepared and maintained under stirring at a temperature of 40 ± 1 °C while measurements of conductivity were made until a constant value was reached (≈7 mS/cm). Thereafter, 5 g of SFCC powder were added to the solution and the conductivity measurements continued for 60 min.



The conductivity evolution of the saturated lime solution after adding the SFCC is depicted in Figure 4. At the early stages, a significant decrease of the electrical conductivity of the suspension was observed. This behavior is explained by a decrease of Ca(OH)2 concentration in solution due to the pozzolanic reactions. According to Lúxan et al. [16], the greater the reduction, the better the pozzolanic activity of the material, and if the conductivity decreases more than 1.20 mS/cm in the first 2 min, the material has good pozzolanic activity. The present SFCC showed a decrease of 2.21 mS/cm after 2 min.




2.2. Specimens Preparation


For each mortar mix, 40 × 40 × 160 mm prisms and cylinders with 150 mm diameter and 300 mm long were cast. All the specimens were cast in steel molds, compacted using a vibration table, and demolded at 24 h.



Twelve prisms were cured in salt water (3% NaCl solution) until the age of testing, another 12 prisms were cured in water, also until the age of testing. These specimens were destined for compressive strength testing. The remaining specimens, destined for durability testing, were cured in water for 7 days and then kept in a climate chamber at 20 °C and 65% RH until testing or until they went through a specific preparation when required. At the age of 7 days, the 300 mm long and 150 mm diameter specimens were sawn into slices of 50 mm.




2.3. Methods


2.3.1. Workability


The workability of fresh mortars was measured using the apparatus and following the test procedures defined in ASTM C1437-13 [17] and is indicated by the mean spread diameter of tested samples on the flow table.



A truncated conical mold was filled in two layers upon a circular table. After removing the mold, the specimen was spread by jolting the flow table 25 times at a constant rate, for 15 s. The diameter of the mortar was then measured in two directions, mutually perpendicular.




2.3.2. Compressive Strength


To investigate the influence of age and of the type of curing in the compressive strength of mortars modified with untreated SFCC, compression tests were carried out in a Matest cement compression machine, equipped with a load cell whose maximum capacity is 250 kN, at a load rate of 2400 N/s, as defined in EN 196-1 [18]. Each sample comprised at least 3 specimens. Compressive strength was assessed at 28 days, as it is a reference age for testing cementitious composites and at a later age (90 days) to allow further development of the pozzolanic reaction due to SFCC incorporation.




2.3.3. Sorptivity


The sorptivity test was performed following the basic procedures defined in ASTM C1585-13 [19], in 3 prismatic specimens of each mix, aged 54 days, whose long edge surfaces were sealed by means of an epoxy coating. A multi-layer of filter papers with an approximate thickness of 10 mm was placed inside a closed container. Then, water was added until the papers were soaked and was kept at a level adjacent to the top of the multi-layer. Three specimens of each mix were placed upon the multi-layer and, due to the deformation of the last, they got in contact with water. This setup allows a water intake due to capillary forces at the mortar pores. The amount of absorbed water was assessed by weighing the specimens at regular intervals: 1, 5, 10, 20, and 30 min; 1, 2, 3, 4, 5, 6, 7, 8, and 9 h; 1, 2, 3, 5, 6, 7, and 8 days. The coefficient of initial sorptivity (Si) is estimated by linear regression as the positive slope of the water absorbed per unit area versus unit time within the first 24 h of testing. The second stage of sorptivity (Ss) corresponds to the second linear section of the curve and is estimated by linear regression from the points taken within the first and eighth days of testing.




2.3.4. Air-Permeability


Air-permeability was assessed using a test method that is considered in Swiss standard SN 505 206/1 [20]. An initial negative relative pressure is applied at specimen surface, through a test chamber. Afterwards, permeation causes a pressure variation in the test chamber. At the end of 12 min or the time elapsed until a pressure change of 20 mbar is reached, whichever occurs first, data is recorded. Then, an air-permeability coefficient may be calculated using the following equation [21]:


    k T =    (     V c   A   )   2  ×  μ  2 × ε ×  p a    ×  (    ln  (     p a  + Δ p    p a  − Δ p    )       t f    −    t i       )     



(1)




where kT is the air permeability coefficient (m2), Vc is volume of test chamber (m3), A is cross section of test chamber (m2), µ is viscosity of air at 20 °C (N·s/m2), ε is porosity of the material (-), pa is atmospheric pressure (N/m2), Δp is pressure increase in test chamber (N/m2), ti is time at start of measurement (s), and tf is time at end of measurement (s).



Six tests per mix were carried out, in mortar discs aged 56 days.




2.3.5. Carbonation Resistance


The carbonation resistance was assessed in accelerated conditions. Three prismatic specimens for each mix, aged 35 days, where two opposite long edge faces and the two minor faces were previously coated with a double layer of adhesive aluminium, were placed in a climate chamber at 20 °C, 65% RH, and with a CO2 content of 5%, as suggested in the LNEC standard E 391 [22]. The specimens were removed from the chamber after an exposure period of 28 days, as suggested in Model Code for Service Life Design [23]. Afterwards, they were split, and the broken surfaces were immediately cleaned and then sprayed with a phenolphthalein colour indicator. The thickness where the indicator did not react corresponds to the carbonated region. The carbonation depth for each mix is given by the mean of the 24 thickness readings (8 readings per specimen).




2.3.6. Resistance to Chloride Penetration


The resistance to chloride penetration was assessed through an accelerated non-steady state migration test [24], using the rapid chloride permeability test setup [25], in mortar specimens with an age of 72 days. Migration allows a fast assessment of concrete ability to resist chloride penetration, as chloride ion ingress is accelerated by means of applying an electrical field across the specimens. In this study potentials up to 20 V were applied. Usually, higher voltages are applied but as in this experiment 150 mm diameter discs are used instead of the standard 100 mm, lower voltages are foreseen. The applied voltage, temperature of anodic solution, and test duration were recorded. At the end of the test, the chloride penetration depth was measured, by means of a colorimetric technique. A silver nitrate solution (0.1 M) was used as a colorimetric indicator, at broken surfaces of the tested specimens. Finally, non-steady-state diffusion coefficients were obtained, using Equation (2), based on the Nernst–Einstein equation [26].


    D =   R   T   L   z   F    (  U − 2  )    ×  (     x d  − α    x d     t   )     
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where


    α = 2     R   T   L   z   F    (  U − 2  )      × e r  f  − 1    (  1 − 2    c d     c 0     )     



(3)







D is the non-steady-state diffusion coefficient (m2/s), R the gas constant, (R = 8.314 J/(K·mol)), z the absolute value of ion valence, for chloride (z = 1), F the Faraday’s constant (F = 9.648 × 104 J/(V·mol)), T the average temperature during the test (K), L the thickness of the specimen (m), U the absolute value of applied voltage (V), xd the average chloride penetration depth (m), t the test duration (s), erf−1 the inverse of error function, cd the chloride concentration at which the color changes (cd ≈ 0.07 M, for ordinary Portland cement), and c0 is the chloride concentration in the cathode (c0 = 2 M).






3. Results and Discussion


3.1. Workability


Figure 5 depicts the workability results from the flow table test. A consistent decrease of flow table spread with increasing SFCC content is observed. Once the water-binder ratio was kept constant and no plasticizer was added, and while SFCC is a highly water demanding material [27,28,29], it is suggested that the flow table spread decreased because there was less available water to decrease friction between particles. Besides the water demanding characteristic, explained by the larger surface area of SFCC [30], the detected narrow size range of SFCC, in comparison with that of the replaced cement, also jeopardizes workability.




3.2. Compressive Strength


The compressive strengths of the mortar mixes cured in tap water and in salt water are summarized in Table 2 and Table 3. It can be noticed that increasing SFCC replacement levels lead to a slight but consistent compressive strength decrease in specimens cured in tap water. Such a trend is not detected in the results obtained in salt-water-cured specimens. In this case, the compressive strength results fluctuate, and similar values were obtained for the different mixes. Furthermore, the later testing age revealed slightly higher (around 10%) compressive strengths than at 28 days for all mixes, regardless of being cured in tap or salt water. There is also evidence that curing in salt water limits the compressive strength.



Although increases in compressive strength with the use of SFCC have been reported [31,32], in those investigations SFCC was either previously treated (ground), which improves its reactivity, or accompanied by an increase in the superplasticizer dosage. This was not the case in the present investigation. It also shall be mentioned that as the density of SFCC is lower than that of cement and as the mixes are designed in fixed mass proportions of binder-sand-water, when replacing cement by SFCC it corresponds to a slightly lower binder content per unit volume of mortar than in the reference mix.



The low relative increase in strength between 28 days and 90 days proves that SFCC has a short-term pozzolanic activity, as found by Zornoza et al. [29].



The mixes without SFCC, in both testing ages, showed lower compressive strength when cured in salt water than when cured in tap water. However, this effect was mitigated with SFCC addition. In fact, sodium chloride acts as a setting and hardening accelerator, leading to higher compressive strength at 7 days and 14 days, due to the formation of Friedel’s salt [33]. When setting accelerators are applied, the final strength (28 days and later ages) of the cement composite is expected to be limited [34]. This happened in this investigation and has parallels in other publications [35,36,37,38].



This investigation confirms, for the particular case of SFCC, the positive impact of pozzolanic additions in the compressive strength evolution with time in concrete mixes exposed to sea water that has been reported elsewhere [39,40]. The mitigation of strength loss for salt water curing may be justified by the increase in aluminates content brought by SFCC that, when combined with NaCl, minimizes the mentioned chloride effect on the strength limitation at 28 days and later testing ages. Another possible contributing factor may be the decrease of the portlandite content caused by SFCC, as portlandite is a leachable product by waters containing dissolved chlorides, which leads to strength losses in cementitious composites [34].




3.3. Sorptivity


Figure 6 shows the average water uptake by capillary action. As a linear variation of the amount of water absorbed by an ideal capillary with the square root of time is mathematically proved [41], these results are plotted as a function of the square root of time. The corresponding initial sorptivity (Si) and secondary sorptivity (Ss) coefficients, computed through linear fitting of the capillary absorption results, within the first 24 h of testing and between the first and eighth days of testing, respectively, are shown in Figure 7. Although it is known that pozzolanic reactions promote the pore disconnection [42], providing reaction products that are very efficient in filling up capillary spaces thus improving the imperviousness of the system [43], there is a trend for the increase of Si with the increase of SFCC replacement. This trend was also observed by Barbhuiya et al. [44] with a different SCM. This foresees an increase in capillary porosity that may be attributed to SFCC being a coarser and more uniform powder than cement [45] and to its high water absorption. This effect is less pronounced in the second stage sorptivity, as the maximum relative difference to R0 coefficients is 44% for Si and is 19% for Ss.



Analyzing the results from the point of view of practical application, despite the high water-binder ratio (0.6), all mixes exhibit sorptivity values below 500 g/(m2·h0.5), considered the threshold value in EN 1504-3 [46], the European standard which specifies the performance requirements for structural and non-structural repair products.




3.4. Air-Permeability


As gas-permeability results are known to have high scatter and outliers are likely to occur, the use of robust statistics is advised [47]. Thus, the results shown in Figure 8 represent the median of the values of each mix. A consistent increase in air-permeability with increasing replacement of cement by SFCC was obtained. Although a maximum relative increase of more than 100% is found, it must be mentioned that gas-permeability results are usually interpreted in a logarithmic basis, in which that maximum relative difference becomes 23%. The reasons behind this increase are believed to be those pointed to in the discussion of the sorptivity results (see Section 3.3). Actually, an interesting relationship between these transport properties is found, as depicted in Figure 9, where the correlation between air-permeability and Si is higher than between air-permeability and Ss. Furthermore, a good correlation between air-permeability coefficient and 28-day compressive strength was also found (Figure 10). Again, from the point of view of practical application, and according to a quality classification of the material based on this air-permeability coefficient, proposed by Torrent and Frenzer [48], all mixes are rated as of “very good” quality.




3.5. Carbonation Resistance


The mean carbonation depths of the tested mixes are depicted in Figure 11. The carbonation depth increased with the increasing level of cement replacement by SFCC. Thus, the maximum relative difference to the reference mix is obtained for mix R12 and it is 25%. However, Hilsdorf [49] found a linear relationship between the square of carbonation depth and the logarithm of air-permeability coefficient. Computing the maximum relative difference for the square of carbonation depths, a maximum relative difference value of 57% is achieved. This difference is substantially higher than that obtained for air-permeability. Such difference is attributed to a decrease of the Ca(OH)2 content, due to the pozzolanic action of SFCC, as experimentally confirmed by Zornoza et al. [10]. This means that besides an easier gas (CO2) penetration, that is a physical mechanism, the increase in SFCC content also jeopardizes the chemical resistance to CO2, as it causes some depletion of the alkaline reserve, allowing a further penetration of the carbonation front.




3.6. Resistance to Chloride Penetration


The chloride ion penetrability of the mortar mixes is depicted in Figure 12. The resistance to chloride penetration improved as the replacement levels of cement by SFCC increased. Nevertheless, the chloride penetration in mixes R0 and R3 was quite similar and mix R6 exhibits just a slight decrease. The R12 mix presents a 17% decrease when compared with the reference mix (R0). Even though the assessed transport properties were found to increase with the SFCC content, the higher overall content of Al2O3 of this SCM provides higher chloride binding capacity [8]. According to Zornoza et al. [50], the improved binding capacity is due to the CAH and CASH compounds resulting from the pozzolanic reaction of SFCC. Then, the incorporation of untreated SFCC has two opposite effects regarding chloride resistance: on one hand, it facilitates the chloride transport; on the other hand, promotes the chemical bound of the coming chlorides, hindering the depth chloride penetration. These effects are quite balanced for mixes R3 and R6, while for the mix R12 the latter prevailed.





4. Conclusions


The influence of an as-received spent fluid cracking catalyst (SFCC), as cement replacement, on the performance of cement mortar was investigated.



It was found that the replacement of cement by SFCC, although untreated, is still able to improve the resistance to chloride penetration, while it has reduced the workability, the carbonation resistance, and compressive strength of mortar cured in standardized conditions. The transport properties (sorptivity and air-permeability) of mortar increased with the replacement of cement by untreated SFCC.



Finally, it was found that replacement of cement by SFCC had a positive effect on the compressive strength when curing in salt water.



Considering the previous findings, it is judged that untreated SFCC is a material suited for cementitious composites in marine applications, given its positive influence on the resistance to chloride penetration and on the compressive strength for saltwater curing. In fact, for such situations SFCC adds an interesting performance to environmental and economic benefits.



The use of superplasticizers to balance the found detrimental effects of SFCC incorporation, left outside the scope of the present investigation, is considered interesting and will be addressed in a forthcoming study.



Even though the untreated SFCC has jeopardized the resistance to the ingress of deleterious substances through the porous structure of the composite, as a supplementary cementing material SFCC reduces the alkalinity of the pore solution and thus may be helpful regarding the mitigation of alkali–silica reaction. Therefore, it is highly recommended to study this issue in detail.
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Figure 1. SEM image showing the morphology of the spent fluid cracking catalyst (SFCC) particles. 






Figure 1. SEM image showing the morphology of the spent fluid cracking catalyst (SFCC) particles.



[image: Resources 07 00056 g001]







[image: Resources 07 00056 g002 550] 





Figure 2. XRD pattern of the studied SFCC. 
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Figure 3. Particle size distribution of mortar constituents. 
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Figure 4. Evolution of lime solution conductivity after adding the SFCC powder. 
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Figure 5. Workability obtained from flow table test. 
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Figure 6. Capillary absorption. 
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Figure 7. Sorptivity coefficients. 
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Figure 8. Air-permeability coefficients. 






Figure 8. Air-permeability coefficients.



[image: Resources 07 00056 g008]







[image: Resources 07 00056 g009 550] 





Figure 9. Relationship between sorptivity and air-permeability. 
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Figure 10. Relationship between 28-day compressive strength and air-permeability. 






Figure 10. Relationship between 28-day compressive strength and air-permeability.



[image: Resources 07 00056 g010]







[image: Resources 07 00056 g011 550] 





Figure 11. Carbonation depths. 
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Figure 12. Non-steady state chloride diffusion coefficients (Dns). 
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Table 1. Estimated chemical composition in terms of oxides percentage.
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	Powder
	SiO2
	Al2O3
	Fe2O3
	MgO
	MnO
	CaO
	Na2O
	K2O
	SO3
	L.O.I. 1





	SFCC
	44.62
	49.01
	1.42
	0.04
	1.30
	0.58
	0.06
	0.45
	0.53
	2.26



	Cement
	19.56
	4.23
	3.12
	1.30
	- 2
	63.30
	0.22
	0.31
	2.76
	3.75







1 Loss on ignition. 2 Not detected.
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Table 2. Compressive strength of the mortar mixes cured in tap water.
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Notation

	
SFCC (%)

	
Compressive Strength (MPa)




	
28-day

	
90-day






	
R0

	
0

	
49.7

	
53.9




	
R3

	
3

	
47.6

	
53.8




	
R6

	
6

	
46.5

	
51.6




	
R12

	
12

	
46.2

	
51.3
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Table 3. Compressive strength of the mortar mixes cured in salt water.






Table 3. Compressive strength of the mortar mixes cured in salt water.





	
Notation

	
SFCC (%)

	
Compressive Strength (MPa)




	
28-day

	
90-day






	
R0

	
0

	
44.5

	
49.8




	
R3

	
3

	
45.9

	
49.1




	
R6

	
6

	
43.8

	
49.3




	
R12

	
12

	
44.6

	
49.0
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