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In Brazil, the production of each ton of steel generates approximately 621 kg of waste and direct 
co-products. One of the components that generates a high amount of waste is the refractory material 
used in the steel process. So, in this study, the possibility of using MgO-C refractory waste from steel 
casting pots after their deterioration for the formation of chemically bonded phosphate ceramics was 
investigated. This work aims to study the recovery of industrial solid waste from MgO-C refractories 
by determining the processing conditions necessary to obtain magnesium phosphate ceramics. Three 
mean particle size of the waste and three potassium monophosphate:MgO ratio in the mixture were 
adopted. All mixtures showed the formation of the K-struvite phase and a strong relationship between 
the compressive strength and porosity properties. The highest compressive strength value obtained, 
7.51 ± 0.24 MPa, is sufficient for use in several areas of engineering. It was also possible to statistically 
represent, using a quadratic model, the variation in porosity in relation to the phosphate content and 
particle size of the waste, obtaining porosities ranging from 14% to 25%. Taking into account this 
study used a waste, the evaluation of its environmental impact assumed an important role. The waste 
showed no appreciable toxicity, while some samples W3-20 showed toxicity to Allium cepa L. and 
Artemia salina. Considering the presented properties, the obtained material could be used as a structural 
block, filters, support for catalysts, and repair element for cement-based structures and roadways.

Keywords: Chemically bonded ceramics, magnesium phosphate, MgO-C refractory waste, 
ecotoxicity.

1. Introduction
The environmental management of waste produced 

from industrial processes is indispensable for the control 
of air, water, and soil pollution1. Currently, the generated 
waste, which for a long time was called industrial waste, 
is now commonly called industrial by-product because 
of its reuse potential. Thus, these materials have received 
attention from researchers and companies, who are aiming 
to improve ecological awareness and economic gains by 
replacing natural mineral resources2.

According to data presented by the Brazil Steel Institute3, 
in 2019, the production of each ton of steel generated 
approximately 621 kg of waste and direct co-products. One of 
the components that generates a high amount of waste is the 
refractory material used in the steel process.

The steel industry consumes about 53% of all refractory 
production demand. Today, about 40 million tons of refractories 
are produced annually, with waste generation estimated at 
28 million tons4. Thus, several studies related to the use of 

processes and techniques for reusing these materials have 
been developed with a focus on the recovery of waste.

As Leite  et  al.5 pointed out, the market requirement 
for increasingly noble steels, with high purity and greater 
refining, has increased the degree of chemical corrosion of 
refractories, especially in contact with foundry slag, which 
causes erosion and possible unwanted inclusions in steel 
processing. Thus, refractory MgO-C blocks stand out for 
lower product contamination.

From an environmental point of view, the use of 
waste in the production of cement has been adopted as 
an alternative to make these materials inert or chemically 
stable. The group of chemically bonded ceramics includes 
phosphate ceramics formed from acid-base reactions and 
adopted as an alternative for the use of waste such as steel 
slag6. For example, Kinnunen et al.7 reviewed the use of 
mining waste in alkali-activated geopolymers and chemically 
phosphate-bound ceramics. According to the authors, phosphate 
ceramics can be adapted for use with considerable volumes 
of waste in their production. This applies to both hazardous 
and non-hazardous waste, with the difference being that *e-mail: oscar.rkm@gmail.com
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non-harmful waste does not need to become fully inert and 
a larger volume of waste can be valued.

In addition, Viani and Gualtieri8 highlighted that 
phosphate-bound ceramics showed very fast solidification 
and good mechanical properties. This suggests its use for 
the rapid repair of concrete structures, waste encapsulation, 
bone repair, and natural fibre composites, among other 
possibilities. For example, magnesium phosphate ceramics are 
used for the rapid restoration of highways and encapsulation 
of hazardous waste9.

Acid-base reactions are used in the development of 
ligands through the combination of an acidic component 
and a basic component. This type of material belongs to the 
family of special phosphate-bound ceramics (CELF), which 
are inorganic materials with special physical and chemical 
properties that are processed at room temperature10,11.

The difference between geopolymers and chemically 
bound phosphate ceramics lies in the chemical reactions and 
conditions necessary for the formation of solid materials. 
While geopolymers require a source of aluminosilicate and 
an alkaline activator, the production reactions of phosphate 
ceramics occur from an acid or phosphoric phosphate 
component for the acid-base reaction. These processes occur 
without the use of an external source of energy, reducing 
costs in the development of these engineering materials7.

According to Mastalska-Popławska12, during the 
formation of chemically bonded phosphate ceramics, the acid 
phosphate is dissolved or the phosphoric acid dissociates. 
The released hydrogen ions facilitate the dissociation of the 
oxide. The cations and anions in the solution neutralize and 
a new compound is produced. The water of crystallization 
is eliminated and the reaction products form the insoluble 
phosphate ceramic.

In aqueous media, the acid-base reaction, which occurs 
between MgO and monopotassium phosphate, results in the 
formation of a crystalline structure, K-struvite (MgKPO4.6H2O), 
known as ceramicrete13.

Viani and Gualtieri8 used monopotassium phosphate (KDP, 
KH2PO4) and obtained the isomorphic phase of K-struvite 
according to the reaction of Equation 113:

2 4 2 4 2   5   ·6MgO KH PO H O MgKPO H O+ + → 	 (1)

The acid-base reaction occurs quickly and is exothermic. 
If water is added to the mixture, dissolution occurs until 
KDP saturation14.

Chemically bonded magnesium phosphate ceramics are 
usually composed of calcined magnesia at 1800 °C, soluble 
phosphate, and hardening retardants15.

Hay and Celik16 reported that different degrees of MgO 
reactivity were obtained depending on the calcination 
temperature. Calcination temperatures vary in the range of 
700–1000 °C, 1000–1500 °C, and 1500–2000 °C. In addition 
to being melted above 2800 °C, calcined MgO in the range 
of 700–1000 °C has a reaction rate similar to that of Portland 
cement, thus eliminating early expansion and making it 
suitable as a binder.

Chemically bonded magnesium phosphate ceramics are 
efficient in encapsulating waste since the soluble components 
present are immobilized by phosphate mineralization. 

The resulting minerals, as well as the rest of the unreacted 
components, are physically encapsulated in the matrix of 
the formed ceramic17.

Nakamura et al.18 studied the reuse of MgO-C bricks 
to produce new refractories containing up to 30% recycled 
material. The tests showed properties similar to those of bricks 
with low MgO-C content. With this, cheaper refractory bricks 
could be produced from different levels of recycled bricks 
depending on the purity of MgO and graphite in the waste.

Ludwig et al.4 evaluated the use of MgO-C refractory 
waste without carbon removal to make new magnesia-carbon 
blocks. The compositions contained recycled aggregate 
ranging from 0 to 30% after three different heating treatments 
(quenched at 200 °C and submitted to the coking process 
at 1000 and 1500 °C). The ideal value of recycled material 
was 30 wt.%.

Therefore, the present work aims to study the recovery 
of industrial solid waste from MgO-C refractories by 
determining the processing conditions necessary to obtain 
magnesium phosphate ceramics.

2. Materials and Methods

2.1. Materials
In this work, refractory brick waste (post mortem, 

supplied by a company in Charqueadas, Brazil) based on 
MgO-C in steel furnace coatings and transport pots in steel 
refining were used as a source of MgO to obtain chemically 
bonded magnesium phosphate ceramics. As a source of 
potassium and to compose the acid-base reaction binding 
system, KH2PO4 (KDP), provided by Meta Química, Brazil, 
was used at a purity of 99%.

The waste (~3 kg) was ground in a jaw crusher (Marconi 
MA4080, Brazil) up to a particle size of < 5 mm and then 
dried in a laboratory oven (CIENLAB-CE 220/100, Brazil) 
at 110 ± 5 °C for 24 h. Subsequently, it was subjected to 
characterisation.

The chemical composition of the waste was characterised 
using X-ray fluorescence (Panalytical Axios Max, The 
Netherlands), and the elemental analysis of sulphur and 
carbon was conducted (CHNS-O, 2400 Series Perkin Elmer, 
USA). The crystalline phases were determined using X-ray 
diffraction (XRD, Shimadzu XRD-6000, Japan). The particle 
size distribution was determined using laser diffraction 
(DTP, Cylas 1064, France). The specific surface area was 
determined using the BET method (Quantachrome, USA).

2.2. Effect of KDP content and mean particle size 
of the waste on porosity and compressive 
strength

The compositions studied were defined based on the 
stoichiometric composition of the isomorphic phase of 
K-struvite (Equation 1). However, KDP saturation in 
composition13 produced interesting results over a certain 
particle size range and the KDP/waste ratio studied. Thus, 
considering the work of Luza  et  al.13, specimens were 
obtained from KDP levels of 20–40 wt.% and three particle 
size ranges of the waste: between 180 and 250 μm (W1), 
105 and 150 μm (W2), and 45 and 90 μm (W3).
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The 22 + 1 factorial experimental design was adopted, 
that is, two analysis factors (particle size and KDP content) 
and two levels with one central point in the replica, as 
shown in Table 1.

The water content was set to 30 wt.% because the pastes 
with higher levels did not present adequate consistency 
after curing for the tests and lower levels greatly reduced 
the workability of the paste.

Polyvinyl chloride moulds (PVC, diameter of 25 mm 
and height of 50 mm) were used to prepare the specimens 
(30 g of dry material per sample).

The materials were weighed on a laboratory scale 
(MARTE model BL 3200H, Brazil; accuracy of 0.1 g). After 
weighing, KDP and W were properly mixed and homogenised 
in mineral water (250 mL) at room temperature, according 
to the procedure adopted by Luza et al.13

Each composition was mixed for 5 s with the aid of 
a metal rod, for its quick grip, and deposition in the PVC 
mould. Five specimens of each established experimental 
condition were prepared (Table 1) and demoulded after 24 h 
at room temperature.

Structural analysis by identifying the crystalline phases 
and compounds formed was performed using powder XRD 
(Philips model X’Pert MDP, The Netherlands; copper tube 
with CuKα radiation, angle range 2θ from 5 to 75°, step 
of 0.05°) and infrared spectroscopy (FTIR, Shimadzu IR 
Prestige-21, Japan).

The upper and lower faces of each specimen were cut 
with a precision cutter (BUEHLER IsoMet 1000, Germany) 
to ensure that they were parallel and appropriate to the 
Brazilian standard NBR 573819. The compressive strength of 
these samples at 7 d was determined by applying a uniform, 
continuous, and shock-free load at a speed of 1 mm/min 
on the specimens made using moulds with a diameter of 
25 mm and a height of 50 mm, with five samples of each 
composition (EMIC DL 10000), according to NBR 573920.

The geometric density (ρg) was determined from the 
measurements of the volume and mass of the specimens 
after the regularisation of the faces. To perform the geometric 
volume measurements, a digital calliper (Mitutoyo, Japan; 
accuracy of 0.01 mm) and a mass measurement scale (MARTE 
model BL 3200H, Brazil; precision of 0.1 g) was used.

Theoretical or real density (ρreal) was obtained using the 
helium gas pycnometry method (Quantachrome Ultrapyc 
1200, USA).

The porosity (P) of the samples was calculated using 
Equation 2.

P 1   1 00g

real
x

ρ
ρ

  
= −      

	 (2)

To evaluate the effect of KDP content and average 
particle size on porosity (ε) and compressive strength (CS), 
statistical analysis of variance (ANOVA) was performed 
using Statistica software. Thus, the significance of the 
influence of the experimental variables of analysis between 
the means was evaluated.

The microstructure analysis of each experimental condition 
was performed under a scanning electron microscope (SEM, 
Zeiss model EVO MA10, Germany; fracture surface of the 
specimens covered with gold).

2.3. Evaluation of toxicity
Depending on the final destination of the material developed, 

as in civil construction, the use of waste-containing material 
requires the assessment of potential environmental impact by 
using, for example, ecotoxicological tests with Allium cepa 
L. (onion) and Lactuca sativa L. (lettuce) as bioindicators.

The evaluation of waste (W) toxicity and W3-20 formulation 
was performed using bioassays, where the samples were 
prepared according to NBR 1000621. The evaluation of the 
use of bioindicator organisms proved the efficiency of the 
use of superior plants to evaluate the contamination of air, 
soil, and surface water, using Allium cepa L. (onion) and 
Lactuca sativa L. (lettuce) for ecotoxicological evaluation 
of contaminated environments22-25.

In addition, the genus Artemia contains species that 
reproduce differently, which makes it ideal for assessing 
the vulnerability of toxic substances26. This toxicity assay is 
important because some studies correlate toxicity to Artemia 
salina sp. with anticancer, antifungal, and antimicrobial 
activities27,28.

The techniques adopted are based on a study by 
Bortolotto et al.23, whose procedures are presented below.

2.3.1. Subacute toxicity test using Allium cepa L. as a 
bioindicator

Using a scalpel, the material consisting of old roots that 
were attached to the onion bulb plate was removed. Six units 
of Allium cepa L. were prepared per effluent sample for 
evaluation. Fifty millilitres of effluent were prepared from 
the determined samples, and the beaker was filled to the 
upper edge. For the control group, mineral water was used 
instead of effluent. A unit with a clean bulb in contact with 
the sample was positioned in each container, filled in volume 
until the sixth day of exposure, every 24 h. After seven days, 
all new roots were removed using a scalpel, and the number 
of roots, the size of the largest root, and the summed mass 
of all roots were recorded for further statistical analysis.

2.3.2. Subacute toxicity test using Lactuca sativa L. as 
a bioindicator

A filter paper disc, 8 cm in diameter was cut for each 
concentration of the effluent to be tested. Using a Pasteur 
pipette, 2 mL of effluent was transferred to the petri plate 
for each sample tested. The filter paper disc was placed 
inside a petri dish. Commercial mineral water was used 
as the control group. Ten lettuce seeds were inserted into 
each plate and the petri dish was covered with a glass lid, 
keeping them stored indoors and protected from light for a 

Table 1. Studied ranges of compositions and particle size.

Composition KDP content 
(wt.%)

Waste content 
(wt.%)

Size ranges 
(µm)

W1-20 20 80 180 < x < 250
W1-40 40 60 180 < x < 250
W2-30 30 70 105 < x < 150
W3-20 20 80 45 < x < 90
W3-40 40 80 45 < x < 90
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period of 3 days. After this period, the number of seeds that 
germinated in each plate was recorded for statistical analysis.

2.3.3. Acute toxicity test using Artemia salina sp. as a 
bioindicator

Synthetic saline water (30 g/L, 100 mL) was added to 
a 250 mL Erlenmeyer flask. Artemia salina sp. cysts were 
inserted into a saline solution with mild agitation. A foil was 
cut, and an Erlenmeyer flask was wrapped, leaving only the 
mouth of the bottle open. An aquarium submerged pump 
was immersed in saline solution and the bottle was exposed 
to an incandescent lamp at a distance of 10 cm for 16 h. 
Effluent (20 mL) was prepared for the samples mentioned, 
using saline water as a diluent. 5 mL of the sample dilutions 
were transferred to wells in a plastic plate and 10 individuals 
of Artemia salina sp. were added with the aid of a pipette 
per well, and the plate was enclosed and protected from 
light for 24 h. After the exposure period, the number of 
immovable/dead individuals was counted, and the lethality 
rate was calculated.

The number of samples was 10 for Lactuca sativa L., six 
for Allium strain L., and 10 for Artemia salina sp. per sample. 
All samples were compared to the control sample. Statistical 
analysis was performed using ANOVA complemented with 
Dunnett’s post-test. The analyses were performed using 
GraphPad Prism software (version 5.0).

3. Results and Discussion
Table  2 shows the particle size and specific surface 

area (BET) distribution of the waste powders studied after 
grinding and particle size separation.

Table 2 shows that the used processes of grinding and 
sieving were effective to create three different ranges of 
particle size distribution. As expected, the smaller the Dmean 
the higher the specific surface area, ranging from 6.48 m2/g 
for the coarser powder to 14.36 m2/g for the thinner powder. 
Cárdenas Balaguera and Gómez Botero6 studied the use of 
steel slag with D60 ranging from 200 to 230 µm to obtain 
chemically bonded phosphate ceramics, while Luza et al.13 used 
Mg-O refractory brick waste with D50 of ~29 µm. Therefore, 
possibly greater powder reactivity may have been obtained 
related to the powders used by Cárdenas Balaguera and 
Gómez Botero6 and Luza et al.13. Thus, the effect of Dmean 
and specific surface area on the porosity and compressive 
strength can be evaluated.

Table 3 shows the chemical composition of the waste 
as received and of each sample after separation according 
to different particle size ranges, with MgO being the major 
compound.

The significant values of iron are also highlighted because 
it is a refractory used in foundry pots, silicon, aluminium, 
and calcium, the latter possibly slag. All values are in 
accordance with those obtained by Conejo et al.29 The high 
loss to fire was mainly due to the elimination of graphite. 
The variation in MgO levels can be observed in proportion 
to the loss of ignition values of CaO. The MgO content 
was reduced as particle size decreased, most likely due to 
the smaller particle size of graphite (13.03 wt.%) and CaO, 
which were concentrated in the thinner particle size range 
(W3, from 45 to 90 μm).

According to Liu et  al.30, the degradation of MgO-C 
refractories occurs mainly because of the oxidation of 
graphite and dissolution of MgO by slag, where graphite is 
oxidised by the reducible components of slag or oxygen in the 
atmosphere. To reduce the oxidation of MgO-C refractories 
and maintain the function of carbon as long as possible in 
the brick structure, some antioxidants such as metals (Al, 
Si, Mg, Fe), carbides (B4C, SiC), and oxides (TiO2, ZrO2) 
are inserted31. The increase in alumina in the thinner bands 
may be related to the longer grinding time and wear of the 
grinding elements.

Conejo et al.29 demonstrated that there is a reduction 
in the presence of MgO from the new brick compared to 
that used. Iron oxide, contrary to the results obtained in our 
study, was reduced. This was because magnetic separation 
was not used in our study, because the intention was to 
use the waste as received, that is, without any preparation 
method that would change its chemical composition. This 
also occurs with Al2O3, because in the work developed by 
Conejo et al.29, we sought, despite the difficulty, to separate 
alumina due to its low basicity.

Figure  1 shows the crystalline phases present in the 
waste as received and in the studied samples.

Table 2. Particle size distribution of the studied waste.

Particle size (µm)

W1 W2 W3

10% of particles below 11.40 5.39 3.72

50% of particles below 165.96 59.48 23.76

90% of particles below 276.93 135.94 58.92

Mean particle size (Dmean) 155.79 65.13 28.41

BET surface area (m2/g) 6.48 10.09 14.36

Table 3. Chemical composition (wt.%) of the as-received waste 
(W) and each used granulometric range.

Elements W W1 W2 W3

SiO2 4.11 4.44 4.05 3.97

TiO2 0.11 0.09 0.08 0.11

Al2O3 4.70 4.55 4.36 4.92

Fe2O3 5.52 5.55 5.42 5.33

MnO2 0.55 0.43 0.48 0.53

MgO 58.47 70.06 68.75 58.83

CaO 7.38 4.35 4.79 7.20

Na2O 0.08 0.20 0.22 0.21

K2O 0.07 0.09 0.07 0.08

P2O5 - 0.10 0.44 0.10

SO3 0.24 0.22 0.25 0.27

Cr2O3 0.17 0.20 0.20 0.16

ZnO 0.27 0.10 0.10 0.26

Others 2.73 0.67 0.36 1.49

Loss on ignition 15.60 8.95 10.43 16.54
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W represents the MgO (Periclase, JCPDS 01-089-4248) and 
SiO2 (Quartz, JCPDS 01-078-1252) phases. As expected, the 
samples presented crystalline phase K-struvite (KMgPO4.6H2O, 
JCPDS 00-020-0685). Fu et al.32 reported that chemically bound 
phosphate ceramics are formed through acid-base reactions 
between magnesia and soluble acid phosphate. The main 
constituent is struvite with the formula MgNH4PO4.6H2O 
or MgKPO4.6H2O, and the latter is called K-struvite, by 
replacing ammonium phosphate with potassium phosphate.

Figure 1 shows the presence of unreacted MgO. This is due 
to the high reaction speed and rapid hardening of the sample, 
which does not allow adequate dissociation of MgO for the 
formation of K-struvite, owing to the larger particle size33. 
However, comparing the relative heights of the diffraction 
peaks, it is noticed that with the reduction in the average 
particle size of W, there is a decrease in the intensity of the 
peaks of all crystalline phases, regardless of the KDP content.

That is, if the particle size is reduced, the reaction speed 
increases further and can be interrupted before all MgO is 
consumed in the reaction. Meanwhile, the increase in KDP 
content to the same average particle size of W increases 
the formation of K-struvite, reducing the presence of MgO. 
Thus, the control of the reaction speed in this system is a 
determinant for increasing the amount of K-struvite formed. 
In fact, Liu and Chen34 found that the partial replacement of 
MgO with alumina (Al2O3) reduced the reaction speed and 
increased the hardening time and CS. Lu and Chen35 added 
metakaolin to magnesium phosphate cements to reduce the 
reaction rate and observed a gradual decrease in unreacted 
MgO peaks with increasing substitution content, increasing 

the formation of K-struvite. He concluded that this occurred 
because of the increase in the hardening time provided by 
metakaolin.

The observations made by mineralogical characterisation 
were confirmed using FTIR spectroscopy (Figure 2).

Although non-reactive MgO is the main component 
in magnesium phosphate cements, its peak vibration 

Figure 1. XRD patterns of the as-received waste and the studied samples.

Figure 2. Infrared spectra for studied samples.
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can be detected only at 420 cm-1. The peaks at 1635 and 
3410 cm-1 represent the vibrations of the bending and 
elongation of the connecting water, respectively. At 573 cm-1, 
there is an elongation vibration similar to that of Si-O36.

Duarte37 listed the bands of magnesium phosphate and 
hydrated potassium (KMgPO4.6H2O), with bands at 1015 and 
2355 cm-1 as the streaks of the PO4

-3 group. The changes 
in the vibration frequencies of water molecules are caused 
by the anisotropy inside the K-struvite crystal in relation to 
vibration under freer conditions, such as in the water present 
in the pores of the materials.

Figure  3 shows the geometric and real densities in 
function of KDP content of studied samples. The geometric 
density is invariable with the average particle size of W but 
decreases with increasing KDP content. The real density 
also decreases with increasing KDP content, an effect that 
can be better observed in Figure 3.

According to Santos38, a higher KDP content results in the 
greater dissociation of magnesia contained in the material to 
balance the acidic medium, thereby favouring crystallisation up 
to KDP saturation. The difference in the density of the phases 
formed may have caused the expansion of the samples38.

In addition, this dissociation may favour the release of 
sulphur compounds (Table 3), as reported by Luza et al.13, 
generating gases that promote sample expansion.

Amaral et al.39 reported that MgO undergoes an expansive 
hydration reaction as a result of the different densities between 
magnesium oxide (ρ = 3.5 g/cm3) and the corresponding 
hydroxide formed (ρ = 2.4 g/cm3), Mg(OH)2, but changes 
in the source of magnesia, purity, temperature, hydration 
time, and chemical environment can alter this behaviour.

Table 4 presents the results of relative density and porosity 
of the samples studied, while the ANOVA for porosity is 
shown in Table 5.

Considering 95% confidence (p-value < 0.05), the values 
of r2 and r2

adjusted were 0.97 and 0.93, respectively, which 

indicate a very strong correlation between the dependent and 
independent variables considered. The interaction between 
the KDP content and average particle size had the highest 
significance (highest F value), with very high reliability (97.5%, 
p-value = 0.025). Figure 4 shows the response surface graph 
for the porosity of the samples studied. As can be seen, the 
quadratic model is a hyperbolic paraboloid. The increase in 
KDP content at lower Dmean values generates a material with 
lower porosity (values close to 14%). With the increase in 
Dmean, the KDP content begins to have a smaller effect on P, 
as shown in Figure 5.

Table  6 presents the ANOVA for the compressive 
strengths of the samples tested. It can be observed that the 
KDP content has greater statistical significance (F = 56.52) 
in CS than Dmean (F = 3.09), and the interaction between 
these two variables (F = 2.35) has a p-value of 0.017, which 
means that the reliability of the results is 98.3%. The linear 

Table 4. Relative density (ρrelative) and porosity (P) of the studied 
samples.

Sample ρrelative (%) P (%)

W1-20 78.39 ± 0.03 22.6

W1-40 76.82 ± 0.03 23.2

W2-30 (1) 77.50 ± 0.03 22.5

W2-30 (2) 78.26 ± 0.02 21.7

W3-20 75.12 ± 0.01 24.9

W3-40 85.72 ± 0.03 14.3

Figure 3. Geometric and real densities in function of KDP content 
of studied samples.

Figure 4. Plot of response surface for porosity (P).

Table 5. Analysis of variance of porosity (P).

Factor SQ v MQ F p-value

KDP content 0.0020 1 0.0020 20.95 0.045

Dmean 0.0008 1 0.0008 8.110 0.104

KDP content x Dmean 0.0037 1 0.0037 38.49 0.025

Error 0.0002 1 0.0001

SQ Total 0.0067 4

SQ, sum of squares; MQ, quadratic mean; F, Fischer test; p-value, reliability test
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model exhibited an r2 value of 0.97 and an r2
adjusted of 0.92, 

indicating a very strong correlation.
Figure 6 shows the CS results as a function of porosity 

(P) of the samples studied. As expected, CS decreases with 
increasing P, except in the W3-20 sample, possibly because 
of its high actual density due to the high reactivity of the 
particles in the particle size range 3 (W3, lower Dmean).

Figure 6 shows that CS is high for higher KDP levels, 
possibly due to a significant formation of K-struvite. Keeping 
KDP constant, CS is larger for smaller average particle sizes, 
possibly due to greater reactivity. The CS value achieved 
by sample W3-40 (27 MPa) is still much lower than that 
obtained using calcined MgO39.

In general, it was observed that the KDP content within the 
limits studied is the factor with the greatest influence on the 
CS of the material, as shown in the Pareto diagram (Figure 7).

Although KDP saturation was observed, possibly caused 
by the rapid initial reaction, the increase in KDP favoured 

the emergence of more resistant specimens. When evaluating 
different particle sizes at the same KDP levels, the variation 
was insignificant.

For porosity, it was observed that the sample with 
the highest KDP content and lowest particle size had the 
lowest porosity, possibly caused by greater reactivity and 
consequent densification.

Figure 8 shows the micrographs obtained by SEM of 
the samples studied.

Liu et al.40 reported that residual MgO particles have 
a square and columnar shape. In structures with a reduced 
hardening stage, where rapid reactions occur, microcracks 
and pores appear in the structure of the material.

The formation of K-struvite may have a hexagonal 
and irregular shape around the non-reactive magnesia. 
Zhenyu  et  al.41 found crystals in a similar manner when 
studying magnesium phosphate cements.

Through energy dispersive spectroscopy, the elements 
magnesium (Mg), phosphorus (P), potassium (K), and 
oxygen (O), all of which are the main elements of K-struvite, 
were detected.

The W3-40 sample, which presented the best CS results, 
showed a large amount of non-reactive MgO, which hindered 
the formation of crystals. However, they were of micrometric 
size and well distributed among the crystals formed, and they 
acted as microaggregates, reducing porosity and increasing 
the final resistance42.

The ecotoxicity tests were performed and the reliability 
was represented in graph and guided by the number of 
asterisks, where * = p < 0.05 (95% reliability for toxicity 
in relation to the control, water), ** = p < 0.01 (99%), 
*** = p < 0.001 (99.9%), and **** = p < 0.0001 (99.99%).

Figure  9 shows the graphs of the toxic effects of W 
and W3-20 effluents in the bulbs of Allium cepa L. (onion). 

Table 6. Analysis of variance for compressive strength (CS).

Factor SQ v MQ F p-value

KDP content 18.4470 1 18.4470 56.52 0.017

Dmean 1.0100 1 1.0100 3.09 0.221

KDP content x Dmean 0.7656 1 0.7656 2.35 0.265

Error 0.6527 1 0.3264

SQ Total 20.8754 4

SQ, sum of squares; MQ, quadratic mean; F, Fischer test; p-value, reliability test

Figure 5. Plot of Pareto related to the porosity (P).

Figure 6. CS in function of P of studied samples.

Figure 7. Plot of Pareto related to the CS.
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Figure 9a shows the number of roots formed in Allium cepa 
L. As can be seen, waste W and composition W3-20 were not 
toxic to this indicator. Figure 9b shows that the samples do 
not statistically compromise the biomass of Allium cepa L. 
The W3-20 sample tended to have a lower value; however, 
it was within the acceptable variation.

Figure 9c shows that the W3-20 sample is toxic, with a 
reliability of 99.99%. D’Aquino et al.43 reported that slow 
root growth in contact with toxic materials is correlated 
with the inhibited activity of the apical meristem of the root 
tips. This decrease in the length of the onion roots acts as an 
indicator of the nature of environmental risk.

Figure 8. Micrographs (SEM) of studied samples.

Figure 9. Plots of the toxic effects of the effluents of W and W3-20 on bulbs of Allium cepa L. (onion): (a) roots quantity; (b) biomass, 
and (c) root size.
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Figure 10 shows graphs of the toxic effects of W and 
W3-20 effluents on Lactuca sativa L. seeds. Figure  10a 
shows that W is toxic based on the root size. Meanwhile, the 
W3-20 composition showed greater rootlet growth than the 
control. At low concentrations, iron oxide particles have a 
beneficial impact on plants and improve twinning. This can 
be explained by the presence of Fe2O3 (Table 3). Figure 10b 
shows the results for the size of the hypocotyl, where none 
of the samples was toxic.

For Artemia salina, the W3-20 sample presented a 
mortality rate of 100%, unlike the W sample that did not 
present mortality. A possible interaction of the crystals formed 
or the KDP content may be the reason for the toxicity in this 
situation. There is little information about the material studied, 
which has been analysed through ecotoxicity bioassays. 
The references cited show that, given the parameters of the 
standard, the material has non-toxic and non-dangerous 
characteristics. The concentration adopted for the preparation 
of the data is certainly higher than the possible concentration 
of the material if it has an application for the manufacture 
of blocks, for example.

Considering the compressive strength presented, the 
obtained material could be used as a structural block, filters, 
and support for catalysts. In addition, it could also be used 
as a repair element for structures and roadways, since it has 
a low curing time and high initial mechanical resistance.

4. Conclusions
A study to evaluate the effects of the monopotassium 

phosphate content (KDP, KH2PO4) and the average particle 
size of MgO-C refractory waste (58.47% MgO) on the 
porosity and CS of chemically bound phosphate ceramics 
was carried out. The KDP content, average particle size, and 
experimental analysis variables adopted showed a very strong 
interaction with porosity. For CS, only the KDP content has 
been shown to have a statistically strong influence on the 
properties of the developed materials. The average particle 
size also had an influence on CS but was less significant than 
KDP content. All samples had a low reaction time, indicating 
the possibility of using latch-on inhibitors or retardants. 
The mechanical strength obtained in chemically bonded 
magnesium phosphate ceramics developed from the use of 
waste from MgO-C refractories reveals a possible application 

as a structural and sealing element in construction. Unlike 
what is indicated in the literature, toxicity was observed 
for some samples of the W3-20 composition; however, the 
volume of waste solubilised for testing was higher than the 
volume used in a real situation. Considering the presented 
properties, the obtained material could be used as a structural 
block, filters, support for catalysts, and repair element for 
cement-based structures and roadways.
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