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ABSTRACT

Wastewater from textile industries is loaded with synthetic dyes. These effluents are often
not adequately treated, affecting the soil and groundwater quality and leading to environmental
contamination. The Agreste mesoregion of the state of Pernambuco is home to one of the largest
textile centers in Brazil. This work therefore aims to study the behavior of Remazol Black B
(RB5) dye in subsurface mediums in this region. The Kkinetics and isotherm sorption
experiments allowed an evaluation of RB5 retention capacity in two layers of alluvial soil of
the dry riverbed of the Capibaribe Basin. The maximum sorption rate was 81.81 mg kg and
21.7 mg kg'* for the loamy sand and sand layers, respectively. The Pseudo-second order Kinetic
model described more appropriately the sorption kinetics for both soils. The isotherms behavior
was nonlinear, and Freundlich model was the most suitable to describe this process for both
soils, presenting Ke values of 8.6407 L kg for loamy sand and 0.1868 L kg™ for sand. The
isotherm parameters confirm a more significant interaction of RB5 with the loamy sand layer
than with the sand layer, indicating lower leaching in the first layer, which is less mobile for
RB5 contamination. Furthermore, the different sorption rates for both soils indicate the
importance of studying the soil as a heterogeneous profile.

Keywords: isotherm, kinetics, mobility.

Sorc¢éo de corante Remazol Black B em solos aluviais da Bacia do Rio
Capibaribe Pernambuco, Brasil

RESUMO
As &guas residuais das industrias téxteis sdo carregadas com corantes sintéticos. Esses
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efluentes geralmente ndo sdo tratados adequadamente, afetando a qualidade do solo e das aguas
subterraneas, levando a contaminacdo ambiental. O Agreste de Pernambucano abriga um dos
maiores centros téxteis do Brasil. Portanto, este trabalho tem como objetivo estudar o
comportamento do corante Remazol Black B (RB5) em meios subsuperficiais nessa regido. Os
experimentos de cinética e sor¢do isotérmica permitiram avaliar a capacidade de retencdo do
RB5 em duas camadas de solo aluvial do leito seco do rio Capibaribe. A taxa maxima de sor¢ao
foi de 81,81 mg kg e 21,7 mg kg™ para a camada areia franco e camada areia, respectivamente.
O modelo cinético de pseudo-segunda ordem descreveu mais adequadamente a cinética de
sorcdo para ambos os solos. O comportamento das isotermas foi ndo-linear e 0 modelo de
Freundlich foi 0 mais adequado para descrever esse processo para ambos 0s solos, apresentando
valores de Kg de 8,6407 L kg™ para areia franco e 0,1868 L kg™ para areia. Os pardmetros
isotérmicos confirmam uma interacdo mais significativa do RB5 com a camada de areia franco
do que com a camada de areia, indicando menor lixiviagdo na primeira camada, menos movel
para a contaminacdo por RB5. Além disso, as diferentes taxas de sor¢do para os dois solos
indicam a importancia do estudo do solo como um perfil heterogéneo.

Palavras-chave: cinética, isotérmica, mobilidade.
1. INTRODUCTION

The Agreste of the state of Pernambuco is inserted in the Brazilian semi-arid region,
configuring a region marked by low rainfall, high evapotranspiration rates, and intermittent
rivers with flow only in the rainy season (Braga, 2016). In the absence of surface water
resources, many rural communities in this region use underground reservoirs, such as alluvial
deposits, by digging wells in the dry riverbed (Braga et al., 2015).

These formations attract several anthropogenic activities, increasing the contamination risk
of the alluvial deposits’ water reserves. In this region of the Agreste of Pernambuco is
concentrated the so-called “Textile Center”, encompassing municipalities such as Santa Cruz
do Capibaribe, Toritama, Caruaru and Brejo da Madre de Deus (SEBRAE, 2013). This activity
has negative impacts due to the release of untreated effluents, which have caused severe
environmental contamination problems in the region. Wastewater from these industries is a
complex mix of dyes and heavy-metal compounds (Shalaby et al., 2017).

In textile manufacturing, the dyeing step is the most substantial process in terms of time,
added value, and technical complexity (Huynh and Chien, 2018). This step includes the dyeing
itself and the washing to remove the non-fiber dye, releasing 10 to 15% into wastewater
(Jayanthy et al., 2014).

Kharat (2015), reported cases where the indiscriminate discharge of textile effluents has
affected soil and groundwater quality. In this way, some synthetic dyes are soil pollutants that
concern researchers due to the toxic nature and adverse effect on life forms (Smaranda et al.,
2017). Regarding this, azo dyes are carcinogenic in nature (Jayanthy et al., 2014; Stagnaro et
al., 2015). This dye typology is characterized by having one or more double nitrogen bonds (-
N = N-) (Jayanthy et al., 2014), and approximately half of the world's industrial production
belongs to this class (Stagnaro et al., 2015).

The intense textile activity in the Agreste of Pernambuco and the importance of conserving
the scarce surface and groundwater in the region make necessary the development of studies to
assess the impact of manufacturing activity on the subsurface. Therefore, environmental
contamination can be estimated in the laboratory by batch testing, allowing the analysis of
kinetics and sorption isotherm. Sorption is often used to evaluate soil retention capacity for a
compost and the potential loss via leaching (Wei et al., 2019).

From this perspective, this work evaluates through sorption kinetics and isotherm the
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retention and mobility of the Remazol Black B (RB5) azo dye, which is widely used by the
textile industry in the semi arid region of Pernambuco state. For this purpose, two layers of
alluvial soil of the dry riverbed of the Capibaribe basin in the mesoregion of the Agreste of
Pernmabuco’s state will be analyzed.

2. MATERIALS AND METHODS

2.1. Study area

The studies were conducted in the High Capibaribe region, which embraces the highest
portion of the Capibaribe River watershed in the state of Pernambuco. Soil samples were
collected at the coordinates 7°56'57.6” S and 36°17'57.2” W in the dry riverbed, in the portion
between the municipalities of Santa Cruz do Capibaribe and Brejo da Madre de Deus.

Soil samples were collected from the first two soil layers with Layer 1 (CM 1) presenting
a maximum thickness of 52 cm and Layer 2 (CM 2) dimension ranging between 17 and 81 cm.
Subsequently, the particle-size distribution, pH in water, and Zero Charge Point (ZCP)
according to the EMBRAPA (1997) methods were analyzed. The parameters of organic matter
(OM) (g g™}), organic carbon (OC) (g g*) and cation exchange capacity (CEC) (cmolc dm™)
were obtained by analyses of soils already made by Rabelo (2018).

2.2. Dyes and solutions

In this study Reactive Black 5 (RB5) dye (Color Index - Reactive Black 5, RB5,
Ca6H21NsNasO19Se) was chosen as the model dye. RB5 is a reactive and anionic dye, belonging
to the Azo class.

RB5 is identified as a dye popularly used by the textile industry (Felista et al., 2020; El
Bouraie and El Din, 2016). Large amounts of RB5 are discharged in the watercourses in
developing countries (EI Bouraie and El Din, 2016); also, this dye is commonly found in
dyebath effluents in higher concentrations than other reactive dyes (Pekakis et al., 2006).
Finally, the problem of contamination by RB5 has motivated several studies found in the
national literature (Pereira et al., 2019; Cruz Filho et al., 2016; Cruz et al., 2016; Cardoso et
al., 2011; Souza et al., 2010).

In order to simulate the actual dyeing process conditions used in the textile industries, the
RB5 solution was initially subjected to hydrolysis. In this procedure, the initial pH of the
solution was adjusted to 12.0 + 0.05, with the addition of 20% (w / v) sodium hydroxide. Then,
the solution was heated for 60 minutes at 80 + 2°C and stirred on a magnetic stirrer.
Subsequently, the solution was cooled to the ambient temperature, and the pH was adjusted by
adding hydrogen sulfide (0.1N) to 7.0 + 0.05. Similar hydrolysis procedures were verified in
studies developed by Cunico et al. (2015) and Albuquerque et al. (2005).

2.3. Sorption kinetics

For the kinetic study, a solution of RB5 at a concentration of 25 mg L was prepared by
dissolving 50 mg of RB5 in 2 L of distilled water. This value is within the dye concentration
range for the textile effluent according to El Bouraie and El Din (2016). After the hydrolysis
process, the solution was distributed in Erlenmeyers of 100 ml and assuming the soil/solution
proportion of 1:10 (5 g of soil to 50 ml of RB5 solution). All samples were prepared in triplicate
and stirred at 200 rpm on an orbital shaker for the times of 0.17, 0.5, 1, 3, 5, 8, 10, 16, 24, 48,
and 72 hours.

The experiment was performed at a temperature of 24 + 2°C. In addition, after the samples
were removed from the shaker, they were filtered through 0.45 um sterile membrane filters.
The quantification of the dye concentration in the samples was evaluated by reading the
absorbance at the wavelength identified by the scan (597 nm) using the Thermo Scientific
GENESYS 30 Vis Spectrophotometer.

NN Rev. Ambient. Agua vol. 15 n. 2, €2491 - Taubaté 2020
IPABH1?



4 Adriana Thays Aradjo Alves et al.

2.4. Sorption Kinetics Modelling

The results of the Kinetic study were adjusted to the Pseudo-first order, Pseudo-second
order, and Intra-particle diffusion models.

The Pseudo-first order model is expressed according to Equation 1 (Lagergren, 1898).

qe = qer(1— e~at) 1)

Where q,, and g, are the amounts of dye adsorbed by soil mass (mg kg™) at equilibrium
and by time (h), respectively, and k; (h) is the Pseudo-first order constant.

The Pseudo-second order model is expressed according to Equation 2 (Ho and Mckay,
1999).

qr = kzqe2°t + g 2

Where q,, is the amount of dye adsorbed by soil mass (mg kg™) for the second-order model
and k, (kg h* mg?) is the constant of the Pseudo-second order model.

The intra-particle diffusion model is expressed according to Equation 3 (Weber and
Morris, 1963).

q: = kitE + c (3)

1
Where k; (mg kg hz) is the constant of the Intra-particle Diffusion model.

2.5. Sorption isotherms

A RBS5 solution was prepared at a concentration of 40 mg L™ to perform the isotherm
experiments. After performing the hydrolysis, the concentrations of 10; 15; 20; 25; 30; 35 mg
L were obtained by dissolution. The tests were prepared in triplicate, maintaining the
proportion of 5 g of soil to 50 ml of solution used in the kinetics. All samples were stirred at
200 rpm on an orbital shaker until the equilibrium time determined in the kinetics was reached.
Afterward, they were filtered with 0.45 pum sterile membrane filters and the dye concentrations
in the samples were determined by absorbance measurement.

2.6. Sorption Isotherms Modelling

Sorption isotherms were adjusted to the linear and nonlinear Freundlich models. At
ambient concentrations, the sorption isotherm of organic pollutants in the soil can often be
considered linear and represented by Equation 4 (Martins and Mermoud, 1999).

qe = kpCe (4)

Where C, is the RB5 concentration in the solution (mg L™?) and kp is the distribution
coefficient for the linear model (L kg™).

Freundlich adsorption isotherm considers the surface heterogeneity and assumes that
sorption occurs at sites with different sorption energies, being expressed in the nonlinear form
according to Equation 5 (Freundlich and Heller, 1939).

1
q,= KpCen (5)
Where K. is the Freundlich constant (L kgt) and n is the affinity coefficient (kg L™).

A considerable portion of organic compounds sorption in soils is attributed to the organic
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content of the matrix. Therefore, it is essential to investigate the normalized sorption coefficient
of the organic carbon (K,), which is expressed by Equation 6.

kw
Koc = Fco (6)
Where k,, is the soil partition coefficient and fco is the fraction of the soil organic content.
Therefore, the lower the Ko value is, the higher the concentration of the compound in solution
is and higher values indicate a tendency for chemical substances to be sorbed by the soil
particles (Gavrilescu, 2005).

3. RESULTS AND DISCUSSION

3.1. Soil characterization

The results of the analyses for the soils are shown in Table 1. For granulometric analysis,
the test was performed in duplicate, while PH and ZCP were performed in triplicate, the
respective standard deviations are presented.

Table 1. Main characteristics of the analyzed soils.

oM* oOcC* CEC”

[0) ilt © 0, i

Layer Sand % Silt % Clay % pH in water ZCP @) (@gY  (cmoledm?)

79.395+0.35 15.71+0.20 4.895+0.35
CM1 8.26+0.28 550+020 217% 1.26% 7.4

Loamy sand

9548+040 4.205+0.35 0.315+0.29

CM2 sand 6.01+035 6.00+035 1.67% 0.97% 33
an

* Rabelo (2018)
+ standard deviation.

3.2. Sorption Kinetics

The kinetic study shows that CM 2 (Sand) reaches equilibrium time for RB5 sorption faster
than CM 1 (Loamy Sand). Layers CM 1 and CM 2 achieved equilibrium at 16 and 10 hours,
respectively, and the maximum sorption was 81.81 mg kg™ for CM 1 and 21.7 mg kg™ for
CM 2.

Alexandre (2019), analyzed the sorption of Direct Black 22 dye for the same soils of this
study, finding an equilibrium time of 8 and 4 hours for CM 1 and CM 2, respectively. The first
layer adsorbed 122 mg kg, while the amount adsorbed in the second layer was 40 mg kg™.
Therefore, these data corroborate with the present study regarding the higher sorption capacity
of CM 1.

The anionic or cationic nature of dyes can be used as the first parameter to understand the
mechanisms involved in the sorption process of these compounds in soils. Depending on the
soil pH, anionic dyes may bind to non-specific anion exchange sites such as Iron and Aluminum
oxides (Ketelsen and Meyer-Windel, 1999). On the one hand, when pH is lower than ZCP, the
matrix has a positively charged surface. On the other hand, if the matrix has a pH higher than
ZCP, the surface is negatively charged (Dawodu and Akpomie, 2016; Bachrata et al., 2013).
Positively charged surfaces favor the sorption of anionic species, while negatively charged
surfaces favor the sorption of cationic species (Dawodu and Akpomie, 2016).

In this sense, analyzing the sorption of Acid Yellow 23 dye in soils, Dawodu and Akpomie
(2016) highlighted that due to the anionic nature of the dye, it will be attracted by a positively
charged adsorbent surface, being the sorption optimal for pH lower than the ZCP of the soil,
which was 5.8.

AR Rev. Ambient. Agua vol. 15 n. 2, €2491 - Taubaté 2020
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The pH of CM 1 is higher than the ZCP value, and for CM 2, the value is approximately
equal, indicating that the analyzed soils have a low retention potential for the anionic RB5.

The experimental data of the kinetic study with the corresponding adjustments to Pseudo-
first order, Pseudo-second order and Intra-particle diffusion models for CM 1 (Figure 1 a) and
CM 2 (Figure 1 b) can be seen in Figure 1. First, there is a rapid increase in sorption, which is
followed by a slow rise until equilibrium is achieved, indicating the amount for which the
adsorbed dye remains approximately constant.

100,0 -
$0,0 S -
b 60,0
20 400 = = =Pseudo-first order
~ Gl Pseudo-second order
- 20.0 — — - Intra-particle Diffusion
=24, ¢ CMI1
0,0 J T T I
0 10 20 30 40 50 60 70 80 |
th) ’
(a)
30,0 4
25,0
~ 200
by
':O 15,0 = = = Pseudo-first order
£ 10,0 Pseudo-second order
S — — - Intra-particle diffusion
3,0 B CM2
0?0 T T T R e e 1
0 10 20 30 40 50 60 70 80
th)
(b)

Figure 1. Kinetics studies and adjustments for the Pseudo-first order,
Pseudo-second order and Intra-particle diffusion models for CM 1 (a)
and CM 2 (b).

The parameters concerning the adjustments of Pseudo-first order, Pseudo-second order,
and Intra-particle diffusion are displayed in Table 2.

Both Pseudo-first order and Pseudo-second order models describe well the experimental
data for both soil layers. However, ge1 and ge2 estimated values, which were similar to the real
ones, and the determination coefficients (R?), which are near to one, showed best adjustments
to the Pseudo-second order model. Studying the sorption of the anionic dye Acid Yellow 23 in
a Nigerian soil, Dawodu and Akpomie (2016) also found a good fit for the Pseudo-first order
(R?=0.977) and Pseudo-second order (R? = 0.978) models, indicating the occurrence of several
simultaneous processes that are involved in sorption. In the Pseudo-second order model,
chemisorption is the rate-limiting step and sorption capacity is proportional to the number of
active sites occupied on the sorbent (Ho and Mckay, 1999). For intra-particle diffusion model,
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it is observed that the lines do not pass through the origin, indicating that the intra-particle
diffusion is not the only mechanism controlling the adsorption rate (Jiang et al., 2019), which
Is also confirmed by the low determination coefficient for both soil layers.

Table 2. Kinetics parameters for RB5 sorption for CM 1 and CM 2.

Model Parameter CM1 CM 2
ki (h) 1.1244  3.6515
Pseudo-first order model ex (Mg kg™) 78.5674  20.5762
R? 0.9886 0.9892

k2 (kg htmg?) 0.0116 0.0792
Pseudo-second order model ge2 (Mg kg?) 83.4193  21.9957

R? 0.9997 0.9998

1
Intra-particle diffusion ki (mg kg™ h2) 7:4206 1.5372
R? 0.9572 0.9525

The applicability of the Pseudo-second order model to describe RB5 sorption kinetics in
both soils is validated by the linearity, as shown in Figure 2 through the plotted graph of t/qt
values versus time.

.0 ¢ CM1

. B CM2

3.)

S R Linear (CM 1)
3.0 - Linear (CM 2

r'gt

tih)
Figure 2. Adjustment to the Pseudo-second order model for CM 1 and CM 2.

3.3. Sorption Isotherms

The parameters for the linear and nonlinear modeling are shown in Table 3. It was observed
that the RB5 sorption isotherms for both soil layers were nonlinear, and they were satisfactorily
described by the Freundlich model (R>> 0.9).

Freundlich isotherms model also satisfactorily described the sorption of Thioflavin dye in
sediments taken from the banks of the Vah River, in Sal'a city, Slovak Republic (Bachrata et
al., 2013), and of Basic Yellow X-5GL, Basic Red 13, Direct Blue 86, Vat Yellow 2 and
Mordant Black 11 dyes in sediments from the Qinghe River (Liu et al., 2001). Other studies

AR Rev. Ambient. Agua vol. 15 n. 2, €2491 - Taubaté 2020
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also reported a good correlation of the Freundlich equation with experimental data of dye
sorption in soils, such as the Acid Yellow 23 (Dawodu and Akpomie, 2016), Basic Blue 9 (Sana
and Jalila, 2016), Congo Red (Smaranda et al., 2011), and Acid Red 14 dye (Qu et al., 2008).

Table 3. RB5 Sorption parameters for the linear and
Freundlich models.

Model Parameter CM1 CM 2
. kp (L kg?) 5.2867 0.9996
Linear R2 0.9478 0.9082
Ke (L kg 8.6407 0.1868

Freundlich R? 0.9970 0.9962
n (kg LY 1.1959 0.6659

The results presented for both ko and Kr confirm a more significant interaction of RB5
solution with CM 1 than with CM 2. These parameters are used to estimate the degree of
pollutants sorption in soils. Therefore, higher values, such as that verified for CM 1, indicate a
higher tendency of sorption in the solid matrix, and smaller values, such as CM 2, imply weaker
interactions between the dye and the matrix, resulting in greater mobility. The coefficient n for
CM 1 indicates sorption closer to the linear.

The results of Kr enabled the determination of Ko, obtaining values of 685.8 and 19.2 L
kg™ for CM 1 and CM 2, respectively. These values indicate for CM 1 a higher tendency of
these particles being sorbed by the soil. The inverse effect is verified for CM 2, for which the
Koc value implies a higher susceptibility to leaching losses.

The graphs corresponding to Freundlich model adjustments for CM 1 and CM 2 are shown
in Figure 3.

160
140

..
120 5

1)
=
o
L 2

e Freundlich (CM 1)
+ o CMI

: B CM2

Freundlich (CM 2)

ge (mg.kg™)
o0
o
»

(=)
o
*

[ 4=
o o
*

o
o
wh

10 15 20 25 30 3
Ce (mg.L4)
Figure 3. Freundlich isotherms for CM 1 and CM 2.

40

W

Considering the chemical composition of the sediment, it can be stated that its organic and
inorganic components will significantly affect the sorption capacity (Bachraté et al., 2013).
Regarding the organic component, Liu et al. (2001) verified a decrease in sorption of the anionic
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dyes Mordant Black 11 and Direct Blue 86 (25% and 40%, respectively), in a fluvial soil after
OC removal by H20> treatment. Therefore, the higher content of this component in CM 1 than
in CM 2 (1.26% and 0.97% of OC for CM 1 and CM 2, respectively) and the respective
maximum sorption capacities indicate the influence of soil organic component on RB5 sorption.

Besides the organic content, the dye molecules, in general, have a strong affinity with clay
minerals. The clay fraction of the soils was identified as predominant in the sorption of the
Bright Blue anionic dyes (Ketelsen and Meyer-Windel, 1999) and RB5 (Lazaridis and Keenan,
2010). Lazaridis and Keenan (2010) analyzed the sand, silt, and clay fractions before and after
RB5 sorption and they found that only the clay fraction showed a significant displacement in
its absorbance peak. Therefore, suggesting that no considerable sorption phenomenon occurred
for silt and sand fractions (Lazaridis and Keenan, 2010).

For cationic dyes, it is expected a more significant interaction with the clay content than
for the anionic dyes such as RB5. In this sense, in the sorption of three dyes in clays, ElImoubarki
et al. (2015) found a higher sorption capacity for cationic dyes Methylene Blue and Malachite
Green than for anionic dye Methyl Orange. This is because clay has a higher capacity for cation
exchange than for anion exchange due to its negatively charged layers (Errais et al., 2012).
However, the presence of kaolinite with acid surfaces favors the sorption of anionic dyes
because these minerals are the main adsorbent sites for these dyes (Errais et al., 2012).
Consequently, the higher retention of RB5 was verified for CM 1 and is correlated to the clay
content in soils (clay content of 4.895% for CM 1 and 0.315% for CM 2).

4. CONCLUSIONS

Sorption Kinetics was best described by the Pseudo-second order model. The Kinetic
sorption rates show the influence of soil characteristics, such as organic content and clay
content, on the RB5 sorption process.

This difference in sorption capacity for soils demonstrates the importance of studying the
soil as a heterogeneous medium, in which there are different behaviors of contaminants’
dissipation.

The isotherms had a nonlinear behavior for both soil layers, with the experimental data
satisfactorily adjusted to the Freundlich model. The isotherm parameters confirmed a more
significant interaction of RB5 with the loamy sand layer (CM 1) than with the sand layer (CM
2), indicating a lower leaching capability in the upper layer than in the lower layer, which is
more mobile for RB5 contamination.
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