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Abstract 
Chromium is a heavy metal used for various applications such as in the man-
ufacture of stainless steels, in chemicals for wood treatment, in tanneries, and 
in the refractory industry. The main problem associated with the use of 
chromium in these activities is the considerable volume of contaminated ef-
fluent that requires treatment, mainly due to its high mobility and toxicity in 
its hexavalent form. Immobilization methods arise as an efficient solution for 
the treatment of these wastes through converting them into inert and stable 
materials. The present paper aims to investigate Portland cement II’s paste 
properties with potassium dichromate addition in order to verify the chro-
mium immobilization process. Analyses of moisture content, water absorp-
tion, axial compressive strength, and solubilization were done in samples at 7 
and 28 days with 0%; 0.5%; 1.05; 1.5%; 2.0% and 2.5% potassium dichromate 
addition. The results showed the influence of this salt in cement hydration 
reactions, damaging the mechanical behavior and the water absorption capa-
bility of the material produced. In the solubilization test, all compositions 
had >99% efficiency of chromium immobilization in both ages of hydration, 
thus demonstrating the capability of a cementitious matrix to stabilize this 
metal. 
 

Keywords 
Wastes, Solidification-Stabilization, Chromium, Solubilization 

 

1. Introduction 

Industrial development and population growth over the last years have relevant-
ly affected waste production. According to Vieira et al., [1] industrial activities 
produce a huge variety of solid, liquid, and gaseous waste, which may or may not 
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return to the production process as power sources, as feedstock materials, or to 
be marketed as resources for other industrial activities. The NBR 10004 [2] states 
that a waste is classified as hazardous when it’s flammable, corrosive, reactive, 
toxic, or pathogenic, as is the case with heavy metals. Such metals are of essential 
importance in small quantities for some biological systems, but a great part of 
these metals, which fall within this group, are toxic to human beings even in low 
concentrations [3] [4]. Chromium is a heavy metal used in several processes, 
such as for the fabrication of stainless steels and other metal alloys, in chemical 
products for wood treatment, in tanneries, and in the refractory industry [5]. 
The main problem associated with the use of chromium for these activities is the 
significant volume of contaminated effluents that require treatment, mainly due 
to its high mobility and toxicity within its hexavalent form [4] [6] [7]. 

There are various forms of treatment, which differ in terms of cost and effi-
ciency. However, most of these methods engender highly contaminated mate-
rials as products, either in the form of sludge or as precipitated materials [8]. 
According to Guo et al., [9] the safe disposal of these materials is an important 
task for environmental protection, since the poor management of this type of re-
sidue offers a series of risks to the environment. Amongst the immobilization 
methods, thermal treatments and solidification-stabilization methods should be 
highlighted. In accordance with Chen et al., [10] the solidification process con-
sists of the acquirement of a solid residual form that may or may not have 
chemical links between the contaminants and the cementitious material. In ac-
cord with Brehm et al., [11] the immobilization methods allow the reuse of waste 
as a raw material in the civil construction industry, and thus enable the cost re-
duction for treatment and final disposal, with a reduction of the area required 
for grounding. 

Hexavalent chromium is also found in concrete, one of the most used con-
struction materials in the world, derived from the oxidation of trivalent chro-
mium during the Portland cement manufacturing process [12] [13]. The pres-
ence of chromium in cement is due to the presence of this element in the raw 
material itself and in additions, which may contain chromium in its composition 
(clinker and fly ash), and due to the manufacturing process (grinder wear) [14] 
[15] [16]. 

However, the use of Portland cement is very common in these treatments, 
mainly because of the well characterized hydration process that happens during 
solidification [11] [17] [18] [19]. During the immobilization process, the resi-
dues may simply act as aggregates (inert) or react with the components of the 
cement [8]. Stegemann & Zhou [20] state that some contaminants present in 
industrial waste may have a detrimental effect in cements, causing retention 
failures, which highlights the importance of laboratory tests to predict the per-
formance of the product obtained by the procedure of stabilization through soli-
dification. In this aspect, the importance of investigations on the products 
properties obtained through these treatments is noted, especially those that refer 
to the efficiency of the immobilization process and that allow the evaluation of 
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the possibility of using such materials in other industries. Therefore, this work 
aimed to evaluate Portland cement’s efficiency as a solidifying agent in the im-
mobilization of chromium (VI), investigating the effects of potassium dichro-
mate’s addition on the solidified product’s mechanical properties; the effective-
ness of the solidification-stabilization process, using durability and solubilization 
tests; and the healing time influence on the efficiency of the treatment.  

2. Experimental Section 
2.1. Materials  

Potassium dichromate: As a contamination source of hexavalent chromium, 
commercial potassium dichromate salt (K2Cr2O7) with molar mass = 294.18 
g/mol and purity = 99% was used. The salt did not suffer any kind of 
pre-treatment preceding the test specimen preparation. The choice of potassium 
dichromate in this work is justified to the fact that the chromium is a heavy met-
al and high concentrations classify the material as dangerous, it is still an ele-
ment present in the activities of tanneries to prevent leather putrefaction in Bra-
zil. 

Cement: The cement utilized was Portland cement composed of pozzolanic 
material, classified by NBR 16697 [21] as CP II-Z 32. This type of cement was 
utilized because of its huge market availability and propagated use [22]. The 
compositional limits specified by the standard are presented in Table 1. 

2.2. Methods 

Since the objective of the research was to verify the chromium influence on the 
properties of cement, it was decided to work with test specimens made with 
paste instead of concrete or mortar. This decision reduced the number of va-
riables involved in the evaluated properties and contributed to the reduction of 
the waste volume generated through the development of the work. Test speci-
mens were prepared with cement paste with diameter 28.00 mm and height 
55.00 mm. A total of 360 test specimens were prepared with mixtures containing 
0 (control), 0.55%; 1.0%; 1.5%; 2.0% and 2.5% potassium dichromate in relation 
to the cement mass. Verification of the treatment method’s efficiency was based 
on the results of the axial compression resistance, solubilization in distilled wa-
ter, moisture content, and water absorption tests with test specimens at 7 and 28 
days of curing. In all the checks, the concrete test specimens were prepared 
based on cement pastes with water/cement factor (w/c) equal to 0.40 (for every 
100.00 g of cement, 40.00 g of water was added at ambient temperature), which 
is the minimum ratio for complete hydration of the cement paste [23]. 

After manual homogenization, the pastes were molded into cylindrical bodies 
with 28.00 mm diameter and 55.00 mm height. They were also identified and 
taken to the curing environment, as shown in Figure 1. The adapted chamber 
was kept in a place protected from excessive heat and at room temperature and 
humidity. The curing environment consisted of a closed box with a volume of  
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Table 1. Portland cement composition limits composed of pozzolanic material (%). 

Clinker + Calcium  
Sulphates 

Granulated 
Blast-Furnace Slag 

Pozzolanic Material Carbonatic Material 

71 - 94 0 6 - 14 0 - 15 

 

 
Figure 1. Adapted chamber for the work’s development.  

 
0.011 m3. The resting surface supports consisted of 3.00 cm high mortar cement 
blocks. The environment was checked over the curing period to maintain a wa-
ter level of approximately 2.00 cm. An example of test specimen is shown in 
Figure 2. 

Determination of moisture content: To determine the moisture content of the 
compositions, three test specimens were prepared for each mixture and for each 
curing period, 7 and 28 days, considering the average moisture content of each 
composition as the three determinations’ average. After the curing period, the 
test specimens mass was determined, thus obtaining the gross mass (M0), and 
then taken to the oven at 100.0˚C until reaching a constant mass. At the end of 
the drying process, the sample dry mass (M1) was determined on a precision 
scale. With this, the moisture content (U) of each test specimen, expressed in 
percentage (weight percentage), was calculated using Equation (1): 

0 1

1

100
M M

U
M
−

= ×                           (1) 

Test of water absorption: Water absorption is a measure that relates directly to 
the volume of pores in the cementitious matrix, and in this work, it was analyzed 
by total immersion. After the curing period, the test specimens were taken to the 
oven at 100.0˚C until reaching a constant mass, determining the dry mass (M1). 
They were then immersed in water at room temperature for 72 h. At the end of 
the process, the test specimens were removed from the immersion tank, washed, 
and weighed on a precision scale, thus obtaining the wet mass (M2). With this, 
the water absorption content of each test specimen (A), expressed in percentage 
(weight percentage), was calculated using Equation (2):  

2 1

1

100
M MA

M
−

= ×                         (2) 
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Figure 2. Test specimen.  

 
The mean value of water absorption for each mixture at each curing period 

was obtained by the average of three determinations. 
Determination of axial compressive strength: After the curing period, the sur-

face of the test specimens was rectified, and three specimens of each composition 
from each curing period were subjected to an axial compressive strength test in a 
universal test machine, with a speed of 2.00 mm·min−1 (constant deformation). 
The average resistance of each mixture was obtained considering the average of 
three determinations for each curing period. 

Solubilization test: For the evaluation of contaminant immobilization, dy-
namic solubilization tests were performed with monolithic samples. For the test, 
a sample of the material was placed in a container with distilled water. The sam-
ples remained in rest for a period of seven days at a temperature of 25.0˚C, and a 
determination of the extract concentration was done in every 24 h, followed by 
the transfer of the specimen to another container with distilled water. The solu-
bilization tests were conducted in triplicate for each mixture in the two curing 
periods. A volume of 200 mL of distilled water was fixed for the test. The ex-
tracts analysis was performed using spectrophotometry in the ultraviolet-visible 
region [24] [25]. The sample absorbance (A) is given by Equation (3):  

A C lλε= × ×                           (3) 

where ελ is the molar extinction coefficient of the sample for addition of wave-
length λ (expressed in L·mol−1·cm−1), C is the chromophore concentration in the 
sample in mol·L−1, and l is the optical path in cm. 

In order to determine chromium (VI) concentration in solubilized extracts, an 
analytical curve was obtained for potassium dichromate associated with Portland 
cement with pozzolan addition (CP II Z). For this purpose, the spectrophoto-
meter was calibrated to 0% absorbance using a mixture of Portland cement and 
distilled water (the solvent used in the preparation of solutions). To verify the 
concentration of the extracts obtained in each immersion cycle in the solubiliza-
tion test, the equipment was calibrated to 0% absorbance using the solubilized 
extract of a test specimen with no addition of potassium dichromate. The effi-
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ciency of chromium (VI) immobilization in each of the compositions was de-
termined by Equation (4): 

extrato

pasta

1 100
C

E
C

 
= − ×  
 

                       (4) 

where E is the efficiency in percentage, Cextrato is the accumulated concentration 
of chromium in the solubilized extract, and Cpasta is the total chromium concen-
tration in the paste. The spectroscopic measurements in the ultraviolet-visible 
region were performed in a Perkin Elmer’s Lambda 25 spectrophotometer, using 
quartz cuvettes with a square cross-section and 1 cm length (optical path). The 
results of this test indicate the potential of chromium leaching after the cement 
solidification in an aqueous medium. 

Statistical analysis: For the statistical analyses, the free software Paleontologi-
cal Statistics (PAST) Version 3.22 was used. All determinations were performed 
in triplicate and the parameters obtained were submitted to analysis of variance 
(ANOVA), test of multiple comparisons of means (Tukey’s test), and Student’s 
t-test at a significance level (p) of 0.05. If p ≤ 0.05, there is a significant difference 
at a 95% confidence level, and if p > 0.05, it is indicated that there are no signifi-
cant differences. Analysis of variance was performed with the objective to iden-
tify the existence of significant differences between the mixtures, and the Tukey’s 
test aimed to identify which mixtures presented significant difference. The Stu-
dent’s t-test, conducted assuming different variances between mixtures, was 
done to verify the existence of significant difference between the curing periods.  

3. Results and Discussion 

Moisture content and water absorption: From the analysis of the results shown 
in the graph in Figure 3, it is observed that as the potassium dichromate content 
in the paste increased, there was also an increase in the moisture content (weight 
percentage) at the end of the curing period, demonstrating the influence of salt 
on the reactions of cement’s hydration and solidification. All mixtures with an 
addition of potassium dichromate have a moisture content of more than 20% 
during both curing periods. The Tukey’s test showed that in the two periods 
evaluated, the control sample (with no addition) differs from the other composi-
tions with potassium dichromate (p < 0.05). Although there is a reduction in the 
moisture content of compositions with an increase in curing time, the results of 
the t-test show that this variation is not significant (p > 0.05).  

Wang and Vipulanandan [26] studied chromium’s solidification-stabilization 
process (VI) with cement and observed through X-Ray diffraction that hexava-
lent chromium inhibits the hydration process by reacting with calcium (Ca2+) 
present in the cement, forming calcium chromate (CaCrO4). Such influence is 
reinforced when analyzing the variation of the setting time [27] of pastes con-
taining this same type of addition. Wang & Vipulanandan [26] and Cheng et al. 
[28] found that an increase of chromium (VI) concentration in Portland cement 
pastes increases the starting and ending of the setting time. The influence of the  
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Figure 3. Moisture content at the end of the curing period. 
 
addition of potassium dichromate on the cement’s hydration and solidification 
reactions, besides interfering with the moisture content, also influences the po-
rosity of the material. The results obtained in the immersion water absorption 
test for the two curing periods are shown on the graph in Figure 4, and these 
relate directly to the porosity of the specimens.  

Since the addition of potassium dichromate impairs hydration reactions, the 
chromium-containing samples showed higher water content in their composi-
tion at the end of the curing period, as well as a higher porosity, which justifies 
the results presented. Observing the data in Figure 4, a reduction in water ab-
sorption is observed with the increase in curing time for all mixtures, which is 
related to the hydration of the cement over time. According to the results ob-
tained in the Tukey’s test, the water absorption of the control sample only 
presents significant difference in relation to the test specimens with 2.00 and 
2.50% potassium dichromate in its composition at 7 curing days (p < 0.05). At 
28 curing days, the control sample shows significant differences with all other 
compositions regarding water absorption (p < 0.05). The statistical analysis also 
shows that the reduction of water absorption over time is significant for all 
compositions (p < 0.05), demonstrating the positive effect of curing time asso-
ciated with this aspect. The results also allow the reaffirmation of the deleterious 
effect of potassium dichromate in cement hydration reactions, which directly in-
fluences matrix porosity. In any case, it is worth noting that the damage caused 
to the matrix as a function of the amount of salt added is small. The increase of 
the potassium dichromate content in the composition by 2.50% (addition of 
2.50%) increases the water absorption capacity of the matrix by only 6.00%.  

Compressive strength: The mean compressive strength values of Portland ce-
ment pastes at ages 7 and 28 days are shown in Figure 5. 

In general, it is observed that the compositions present a resistance gain with 
the increase of curing time, however the addition of potassium dichromate in  
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Figure 4. Water absorption by immersion. 
 

 
Figure 5. Compressive strength of mixtures. 
 
the composition of the paste causes a resistance loss. At 7 curing days, the addi-
tion of potassium dichromate in the cement paste can cause a loss of resistance 
of the order of 3.0 MPa in relation to the control sample, and at 28 days this re-
duction is of the order of 5.0 MPa, which demonstrates the harmful effect of salt, 
not only on the mechanical performance of the material, but also in the reactions 
responsible for the resistance gain over time. 

The statistical results obtained by ANOVA for compressive strength analysis 
showed that there is no significant difference between the six compositions in 
the two curing periods (p > 0.05). Comparing the mean values of compressive 
strength obtained in the two curing periods by the Student’s t-test, one can ob-
serve the harmful effect of the addition of potassium dichromate in the reactions 
responsible for the resistance gain. The analysis of the parameters obtained in 
this statistical test shows that there is only a significant difference between the 
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resistance values obtained at 7 and 28 curing days for the mixture that does not 
contain potassium dichromate in its composition, i.e., among the resistance 
gains represented in Figure 5, only the resistance gain of the control sample is 
significant (p < 0.05). 

In their study on the influence of potassium dichromate on the behavior of 
aluminous cement, Ivanov et al. [7] observed a similar behavior. According to 
the results obtained by the authors, the addition of potassium dichromate 
promoted significant reductions in resistance values, attributed to inhibition 
and delay of cement hydration. Pinto et al., [29] in their study on stabilization 
by solidification of tannery residue, also observed that the increase in the 
amount of residue incorporated in the matrix promotes a reduction in compres-
sive strength, since the reaction of chromium with cement slows the formation 
of calcium hydroxide crystals (portlandite), which contribute to the strength 
properties of the cementitious matrix [30]. 

The development of mechanical strength of a cement paste results from 
the hydration of the cement, specifically tricalcium and bicalcium silicates 
(3CaO∙SiO2 and 2CaO∙SiO2, respectively). This reaction results in the formation 
of calcium silicate and portlandite (3CaO∙2SiO2∙3H2O and Ca(OH)2, respective-
ly) and can be reported as the Equation (5) and Equation (6). 

( ) ( )2 2 2 2 22 3CaO SiO 6H O 3CaO 2SiO 3H O 3Ca OH⋅ + → ⋅ ⋅ +         (5) 

( ) ( )2 2 2 2 22 2CaO SiO 4H O 3CaO 2SiO 3H O Ca OH⋅ + → ⋅ ⋅ +         (6) 

The addition of chromium to the cement paste, compromises the formation of 
calcium silicate and portlandite. Because of the basic pH of cement paste, the 
most prominent Cr (VI) specie is 2

4CrO −  [26]. The possible reaction between 
Cr (VI) and cement can be reported as Equation (7) 

high pH
2 2

4 4Ca CrO CaCrO+ −+ →                      (7) 

Solubilization: To determine chromium (VI) concentration in solubilized ex-
tracts, an analytical curve was constructed from a standard solution of distilled 
water and potassium dichromate with a concentration of 1.78 × 10−4 mol·L−1. 
Figure 6(a) shows a representative absorption spectrum of potassium dichro-
mate solution in distilled water in the ultraviolet (200 - 350 nm) and visible (350 
- 700 nm) regions. From this solution, 5 dilutions were made with cement addi-
tion, in order to obtain points for the construction of the potassium dichromate 
analytical curve with CP II-Z 32. Because they are solutions, the factor water 
cement was high, maintaining in all dilutions a ratio w/c equal to 500. The 5 so-
lutions were analyzed in a spectrophotometer at the visible–ultraviolet region to 
obtain the absorption spectrum. Absorption peaks were observed at 274 nm and 
372 nm wavelengths, as shown in Figure 6(b). The peak displacements observed 
were also verified by por Costa et al., [31] and according to the authors, this be-
havior refers to the conversion of dichromate ions into chromate ions, influ-
enced by the pH change of the solution promoted by the addition of cement.  
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Figure 6. (a) Representative absorption spectrum in the ultraviolet (200 - 350 nm) and visible (350 - 700 nm) region of the potas-
sium dichromate solution with distilled water (b) Representative absorption spectrum in the ultraviolet (200 - 350 nm) and visible 
(350 - 700 nm) region of the potassium dichromate solution with Portland cemen.  

 
For the construction of the analytical curve, the absorbance values of the veri-

fied solutions for the wavelength of 372 nm were considered. The composition 
of the solutions used to construct the analytical curve is presented in Table 2 
and the analytical curve is presented in Figure 7. 

The chromium (VI) concentrations verified in the solubilization extracts of 
the test specimens containing potassium dichromate addition at 7 and 28 curing 
days are shown in Table 3 and the graphic representation of the concentration 
variation during the periods of analysis is presented in Figure 8. 

The analysis of the curves Figure 8(a) reveals that over time concentration of 
solubilized extracts obtained with samples after 7 curing days decreases to the 
same minimal point. In fact, the values obtained in the Tukey’s test in the analy-
sis of this parameter show that in the first 6 immersion cycles, with the exception 
of the extracts obtained from the samples with 0.50% and 1.00% K2Cr2O7, all 
other extracts present a significant difference among themselves (p < 0.05). The 
analysis also reveals that the concentration of the extracts obtained at the end of 
the seventh immersion cycle does not differ significantly between the closest ad-
dition levels, proving the convergent behavior. Unlike in the 7 days sample, the 
curves that represent the variation in the concentration of solubilized extracts at 
28 curing days Figure 8(b), despite being parallel at the end of the test, do not 
converge to the same point. This fact is associated with the evolution of cement 
hydration that promotes the reduction of porosity and, consequently, the per-
meability of the matrix [32]. Thus, the lack of convergence of the curves pre-
sented in Figure 8(b) is related to the fact that at 28 days the cement paste be-
comes less permeable, making water access difficult for the solubilization of the 
components of the mixture. The variation of the extracts’ concentration over  
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Table 2. Composition of the solutions used to obtain the analytical curve.  

POINT 
SOLUTION VOL. 
STANDARD (mL) 

VOLUME 
DILUTION (mL) 

CEMENT (g) CONC. (mol·L−1) WATER/CEMENT ABSORBANCE. 

1 5.00 100.00 0.20 8.91E−05 500 0.7893 

2 11.00 25.00 0.05 7.84E−05 500 0.7049 

3 10.00 25.00 0.05 7.12E−05 500 0.6206 

4 10.00 50.00 0.10 3.56E−05 500 0.3285 

5 10.00 100.00 0.20 1.78E−05 500 0.1533 

Auto-zero 0.00 50.00 0.10 - 500 - 

 

 
Figure 7. Analytical curve for the mixture of potassium dichromate with CP II-Z 32. 

 

 
Figure 8. Variation of chromium (VI) concentration of solubilized extracts of samples at 7(a) and 28(b) curing days.  

 
time can also be observed in Figure 9, which represents the variation of the so-
lubilized extracts’ absorbance with the advancement of the immersion cycles at 7 
and 28 curing days. The absorption spectra presented refer only to the mixture 
with 2.5% potassium dichromate addition, but all compositions presented the 
same behavior, as can be observed in Table 3. 

The efficiency of the chromium (VI) immobilization process was determined 
based on the amount of chromium released throughout the solubilization test.  
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Figure 9. Variation of absorbance verified in sample extracts with 2.5% potassium dichromate at 7 (a) and 28(b) curing days dur-
ing the solubilization test 

 
Table 3. Chromium (VI) concentration (g∙L−1) found in solubilized extracts of samples at 
7 and 28 curing days. 

TIME 
(hours) 

POTASSIUM DICHROMATE CONTENT (%) 7 DAYS 

0.50 1.00 1.50 2.00 2.50 

24 7.04E−04 1.78E−03 2.80E−03 4.56E−03 5.96E−03 

48 4.62E−04 1.11E−03 1.80E−03 2.84E−03 4.04E−03 

72 3.65E−04 8.53E−04 1.33E−03 2.06E−03 3.07E−03 

96 2.76E−04 6.98E−04 1.02E−03 1.65E−03 2.43E−03 

120 2.00E−04 5.28E−04 8.45E−04 1.23E−03 1.89E−03 

144 1.63E−04 4.26E−04 7.07E−04 1.18E−03 1.57E−03 

168 1.37E−04 3.44E−04 5.40E−04 8.69E−04 1.35E−03 

TIME 
(hours) 

POTASSIUM DICHROMATE CONTENT (%) 28 DAYS 

0.50 1.00 1.50 2.00 2.50 

24 8.71E−04 1.60E−03 3.32E−03 5.76E−03 9.92E−03 

48 4.93E−04 8.54E−04 1.80E−03 2.91E−03 4.64E−03 

72 2.79E−04 4.43E−04 1.02E−03 1.71E−03 2.70E−03 

96 1.50E−04 2.83E−04 6.79E−04 1.16E−03 1.76E−03 

120 9.56E−05 1.81E−04 5.27E−04 8.23E−04 1.27E−03 

144 6.85E−05 1.35E−04 4.02E−04 5.96E−04 8.72E−04 

168 3.82E−05 9.04E−05 2.78E−04 4.59E−04 6.60E−04 

 
Table 4 shows the efficiency of the immobilization process for each potassium 
dichromate content in each curing period, calculated according to Equation (4). 

Table 4 shows the performance of CP II-Z 32 in the chromium (VI) immobi-
lization process, for the potassium dichromate contents evaluated in this study, 
and for all mixtures the process efficiency was higher than 99.00%. Similar to the 
values presented, Ivanov et al. [7]. Also observed a reduction in the efficiency of 
chromium retention with an increase in the concentration of potassium dichro-
mate in cement matrices. Considering the presented values and the low solubility  
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Table 4. Efficiency of immobilization. 

K2Cr2O7 
CONTENT (%) 

INITIAL 
CONCENTRATION 

– PASTE (g·L−1) 

FINAL CONCENTRATION - 
EXTRACT (g·L−1) 

EFFICIENCY (%) 

7 DAYS 28 DAYS 7 DAYS 28 DAYS 

0.50 4.42 1.98E−03 2.31E−03 99.96 99.95 

1.00 8.84 3.59E−03 5.74E−03 99.96 99.94 

1.50 13.26 8.02E−03 9.03E−03 99.94 99.93 

2.00 17.67 1.34E−02 1.44E−02 99.92 99.92 

2.50 22.09 2.18E−02 2.03E−02 99.90 99.91 

 
of the calcium chromate [26], supposedly formed (Equation (7)), it can be in-
ferred that the immobilization of Cr (VI) by solidification-stabilization was sa-
tisfactory. The treatment is able to reduce the hazardousness of wastes contain-
ing chromium. According to NBR 10004 [2] the chromium concentration in the 
solubilized extract must be less than 5.00 × 10−5 g·L−1, but none of the evaluated 
compositions in the present study met this criterion. In the meantime, consi-
dering the parameters described in the normative instruction IN n˚27/2006 of 
the Agriculture Ministry and Supply [33] which deals with the metal content of 
fertilizers, the values observed at the end of the experiment meet the permitted 
level that could be found in the soil (up to 500.00 mg·Kg−1). 

The correction of the material regarding the concentration of solubilized ex-
tracts can be made through the association of other binders and the use of po-
rosity and permeability reducers. As an example of a porosity reducer, bentonite 
can be cited, which increases in volume when hydrating, obstructing the passage 
of water through the pores or cracks in the cement matrix [32]. Clays can also be 
added to the paste to favor the immobilization process, since they can adsorb the 
metals present in the residues and aid in the mechanical resistance, occupying 
empty spaces between the hydrated cement components [29]. The association of 
binders, such as lime and cement, can favor the encapsulation of waste. The ad-
dition of lime can reduce the leaching of contaminants due to the formation of 
calcium carbonate (calcite), which seals the pores of the cementitious matrix, 
and the formation of precipitates and other insoluble components [34].  

4. Conclusion 

The results of axial compression resistance demonstrate that the presence of po-
tassium dichromate, in addition to causing a loss of resistance in relation to the 
control sample (with no addition), also impairs the reactions responsible for the 
development of resistance over time. This fact is confirmed by the results of the 
Student’s t-test, which shows that there is no significant difference between the 
mean values of compressive strength obtained at 7 and 28 days in all mixtures 
containing potassium dichromate. It was also possible to observe an increase in 
the average water absorption value of the mixtures as the salt content in the 
composition increased. Considering the two periods evaluated, it was not possi-
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ble to notice a significant influence of curing time in the immobilization process, 
only a greater initial resistance to leaching that was neutralized during the solu-
bilization test. Considering the results presented, it is observed that the addition 
of potassium dichromate in the cement matrix does not bring any beneficial ef-
fect to the cement behavior as a constructive material. In the meantime, the re-
sults of the solubilization test (efficiency in the immobilization process higher 
than 99.00% for all compositions in the two evaluated curing periods) reaffirm 
the capacity of this material as a solidifying agent for the treatment of chro-
mium-contaminated wastes by solidification-stabilization. Due to the technique 
used to evaluate solubilized extracts, it was not possible to observe the behavior 
of the test specimens in periods of immersion greater than 168 hours in the so-
lubilization test. At the end of the seventh cycle, the verified absorbance makes a 
satisfactory analysis impossible by resorting to the Lambert-Beer law, as can be 
observed in Figure 9 (absorbance less than 0.1). The present study evaluated the 
effect of the addition of potassium dichromate in some properties of Portland 
cement paste to verify the potential of chromium-containing residue treatment 
by solidification-stabilization. The results presented allow a better targeting of 
future studies, mainly regarding additions to improve the chemical stability of 
the obtained materials. Therefore, the incorporation of chromium-contaminated 
waste into Portland cement matrices requires further studies, of an interdiscip-
linary nature, especially in the areas of Chemistry and Environmental Engineer-
ing. 
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