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Effluents from textile processes, when discarded of inappropriately, have been shown to be a major
environmental concern. In this way, different methods can be used, among them adsorption is an economical
and efficient technique in the removal of dyes. Therefore, we propose to analyze the adsorptive capacity of
bacterial cellulose (CB) against effluents containing the dye Remazol Black B (RBB). CB was produced by
the bacterium Gluconacetobacter hansenii and characterized by the techniques of FTIR, DRX, TGA /DTG
and pH (PCZ). The RBB removal tests were initially performed at different pHs. From the best experimental
condition, new tests were performed at temperatures of 30, 40, 60 and 100 * 2 °C, 150 rpm, pH 3.5, using
0.5 g of adsorbent in the concentrations of dye from 25 to 65 mg-L™. The kinetic study showed that the
system balance was achieved in 80 minutes. The experimental data were better described by the pseudo-
second order model. The equilibrium results showed that the experimental data fit the Langmuir model (Qmax
17.513 mg-g'). The thermodynamic parameters of adsorption showed that the process is exothermic, not
spontaneous and also presented low system randomness. The activation energy (Ea) was 23.8 kJ-mol*!
characterizing physical adsorption. The residual water was not toxic to animal or microbial cells. Bacterial
cellulose proved to be a good low-cost adsorbent, easy to acquire and which can be used in the adsorption
process.

Keywords: bacterial cellulose, biosorption, Remazol Black B.

Efluentes de processos téxteis, quando descartados de forma inadequada, tém se mostrado uma grande
preocupacéo ambiental. Desta forma, diferentes métodos podem ser utilizados, dentre eles a adsor¢do é uma
técnica econdmica e eficiente na remocdo de corantes. Portanto, nds propomos a analisar a capacidade
adsortiva da celulose bacteriana (CB) frente a efluentes contendo o corante Remazol Black B (RBB). A CB
foi produzida pela bactéria Gluconacetobacter hansenii e caracterizada pelas técnicas de FTIR, DRX, TGA
/ DTG e pH (PCZ). Os testes de remocdo do RBB foram realizados inicialmente em diferentes pHs. A partir
da melhor condicdo experimental, novos testes foram realizados nas temperaturas de 30, 40, 60 e 100 £ 2 °C,
150 rpm, pH 3,5, utilizando 0,5 g de adsorvente nas concentragdes de corante de 25 a 65 mg-L?. O estudo
cinético mostrou que o equilibrio do sistema foi alcangado em 80 minutos. Os dados experimentais foram
melhor descritos pelo modelo de pseudo-segunda ordem. Os resultados de equilibrio mostraram que os dados
experimentais se ajustam ao modelo de Langmuir (gmax 17,513 mg-g2). Os parametros termodindmicos de
adsorcdo mostraram que 0 processo é exotérmico, ndo espontaneo e também apresentou baixa aleatoriedade
do sistema. A energia de ativagdo (Ea) foi de 23,8 kJ-mol caracterizando adsorgéo fisica. A agua residual
ndo foi tdxica para as células animais ou microbianas. A celulose bacteriana mostrou-se um bom adsorvente
de baixo custo, facil de adquirir e que pode ser utilizado no processo de adsorcao.

Palavras-chave: celulose bacteriana, biossor¢cdo, Remazol Black B.

1. INTRODUCTION

The global textile industry is the fastest growing sector economically. World trade in textile
fibers - natural and chemical (synthetic / artificial). The sector had revenues of around US $ 1.9
trillion in 2019 and in 2030 this revenue is expected to be US $ 3.3 trillion .Brazil is the 5th largest
world producer of textiles, its industries generate approximately 1.5 million direct employees [1].
This industrial segment is one of the largest consumers of water [1, 2]. And it is estimated that
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during the dyeing and finishing stages, around 50 to 100 L of effluent are produced per kilogram
of fabric produced [3, 4].

Among these compounds present in the textile effluent there are dyes, complex molecules whose
purpose is to give coloring to synthetic or natural fibers [5, 6]. When discarded inappropriately in
aquatic environments, it prevents the penetration of sunlight into the deeper layers, altering the
photosynthetic activity of the environment, decreasing the oxygen solubility, and resulting in toxic
effects on aquatic fauna and flora [7]. In addition, azo-type dyes (Remazol Black B, for example)
can decompose into aromatic amines with possible carcinogenic potential under anaerobic
conditions[7, 8].

Due to this problem, different treatments have been used for the remediation of environments
contaminated by dyes, among them oxidation or ozonation, electrochemical treatment, reverse
osmosis, precipitation, coagulation and flocculation, membrane separation and photochemical
degradation can be mentioned [9, 10]. However, these methods are not widely used due to their
high cost [10]. An alternative method for the treatment of textile effluents is adsorption, an efficient
and economical process that involves the adhesion of molecules of the fluid (pollutant) on the solid
surface of the adsorbent (biological matrix) [11, 12]. Different adsorbents of synthetic or natural
origin can be used to remove contaminants [13]. Among these, bacterial cellulose (CB), obtained
by different bacteria has shown to be very promising, as it has functional groups on its surface
capable of capturing these contaminants [14]. In addition to being a renewable and easily obtainable
material [15, 16].

Studies have shown how effective the adsorbents from bacterial cellulose are in the treatment
of textile effluents. CB was able to adsorb 654 mg-g* of the Congo red dye in solution [17]. Chen
etal. (2020) [18], also studying the adsorption of the Congo red dye obtained an adsorptive capacity
of 230 mg-g. Ali etal. (2012) [19] obtained 25 mg g* against the direct blue dye 15. The activated
carbon obtained from bacterial cellulose was able to adsorb 507.5 mg-g™* from the methylene blue
dye [20]. When functionalized, CB also shows good removal results. Studies by Huang et al. (2020)
[21] with PEI-Pt modified CB showed that this material was able to capture 1157.9 mg-g* of the
acid-black dye and 13.5 mg g* of methylene blue. These results reveal how potential bacterial
celluloses are for the treatment of textile effluents.

This work aimed to obtain and characterize the bacterial cellulose produced by
Gluconacetobacter hansenii and use it as an adsorbent for the removal of the Remazol Black B dye
in synthetic solutions. The influence of pH on the solution and temperature were investigated. In
addition to kinetic, equilibrium and thermodynamic studies of the adsorption process.

2. MATERIAL AND METHODS
2.1 Production of adsorbent: bacterial cellulose

2.1.1 Microorganism and culture medium

The microorganism used in this study was the bacterium Gluconacetobacter hansenii, from the
collection of microorganisms from the Industrial Microbiology Laboratory located in the
Department of Chemical Engineering at the Federal University of Pernambuco. The culture
medium used for microbial maintenance was Hestrin-Schramm (HS) composed of: (20 g-L?)
glucose (Merck Millipore, CAS 77938-63-7); (5 g-L ) meat peptone (Merck Millipore, CAS
91079-38-8); (5 g-L ™) yeast extract (Merck Millipore, CAS 8013-01-2); (2.7 g-L') Na;HPO,
(Merck Millipore, CAS 7558-79-4); (1.15 g-L?) citric acid (Merck Millipore, CAS 77-92-9) and
(15 g-L?) bacteriological agar (Merck Millipore, CAS 9002-18-0).

2.1.2 Inoculum production

The inoculum was produced according to the methodology proposed by Coimbra (2016) [22].
The culture of G. hansenii was initially activated in HS broth (without the addition of
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bacteriological agar). After broth incubation for 48 h at 30 °C, 100 pL of this culture was sown in
90 mm diameter Petri dishes containing solid HS (obtained by adding bacteriological agar), the
volume being distributed over the entire surface of the medium with the aid of a Drigalski handle.
The plates were incubated for seven days at 30 °C for growth of cell mass on the surface of the
medium. The grown cell mass was transferred to Erlenmeyer flasks containing HS broth in a
volume equivalent to 1/5 of its capacity and maintaining the biomass proportion, that is, two plates
for each 50 mL of broth. The medium was subjected to stirring with a magnetic bar until the lumps
of cells and cellulose were broken up and incubated at 30 + 1 °C and 150 rpm of agitation for 48 h,
before being used as inoculum.

2.1.3 Adsorbent production

For the production of the adsorbent, the modified HS culture medium composed of: (5 g-L™?)
meat peptone (Merck Millipore, CAS 91079-38-8); (5 g-L™*) Na;HPO. (Merck Millipore, CAS
7558-79-4); (1.15 g L - ) citric acid (Merck Millipore, CAS 77-92-9) and molasses (20 g-L™). In
the middle, 1% of the G. hansenii bacterium was inoculated. The experiments were carried out in
3L Fernbach flasks containing the modified HS culture medium (1L) at 30°C, pH 6.0 in static
condition for 7 days. After cultivation, the cellulose (Figure 1) was removed from the culture
medium and washed with a 1.0 mol-L* NaOH solution (Merck Millipore, CAS 1310-73-2) at 90
°C for 1 h, then were washed in distilled water. All experimental procedures were performed
aseptically.

Figure 1. Bacterial cellulose produced by Gluconacetobacter hansenii in HS culture medium based on
molasses.

2.2 Physical and chemical characterization of the adsorbent

2.2.1 Determination of moisture and ash content

The moisture content was determined by drying the samples in an oven (Tecnal, TE-393/1) at
105 £ 2 °C for 8 hours. This analysis helped to determine the wet and dry mass. After drying, the
cellulose was crushed and sieved in a range of 100 um. The total ash content was determined by
measuring the residue obtained after the material was incinerated in a muffle furnace (Thermo
scientific) at 650 + 5 °C for 4 hours. All analyzes were performed in triplicate.

2.2.2 Infrared spectroscopy with fourier transform (ATR-FTIR)

ATR-FTIR analysis was used to identify the main functional groups of the adsorbent. For this,
a Bruker Tensor 27 spectrometer with the attenuated total reflectance accessory (Platinum ATR)
was used. The spectra were recorded in the spectral range from 4000 to 500 cm™, with a resolution
of 2 cm™ and 20 scans.
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2.2.3 X-ray diffraction-(DRX)

In order to evaluate the behavior of the cellulose structure, that is, crystalline and amorphous
regions, an X-ray diffractometer (XRD-6000 / Shimadzu) was used. The applied conditions were:
40 kV, angular range 4° to 60° (Bragg - 26 angle), angular variation 0.05° and counting time of 1s.
Through Equations 1 and 2 it was possible to determine the values of the average width of the
crystallites in the lattice plane of greater intensity (Dxkl) and the crystallinity index (CI).

Dhkl = K2 Bcos6 )
Iooz — I

1C(%) = [<M>] +100% @)
1002

Where: D - average particle diameter, K -constant depending on the shape of the particles (sphere
= 0,94), A - wavelength of electromagnetic radiation, 6 - diffraction angle, B (26) - width in half
diffraction peak height. % CI: Crystallinity index, loo2: Intensity in the crystalline peak at
approximately 26, lan: Intensity relative to the amorphous region.

2.2.4 Determination of the zero-charge point (pHpcz)

The zero-charge point (PCZ) is the pH value at which the adsorption of potential-determining
ions (H* and OH") are equal. To determine the PCZ, the methodology proposed by Silva et al.
(2018) [23] and Hassan et al. (2019) [24] with modifications. The tests consisted of the addition of
20 mg of the adsorbent (100 pm) in 20 mL of aqueous solution of NaCl 0.1 mol-L™, under different
conditions of initial pH (3.5; 4; 5; 6; 7; 8; 9; 10; 11), adjusted with 3 M HCI or NaOH solutions.
After 24 h of equilibration on a shaking table (New Brunswick Scientific, model C25KC) at 100
rpm and 30 °C, the solutions are filtered and the final pH determined solution. All tests were
performed in triplicate.

2.3 Synthetic effluent

The synthetic dye used in the adsorption tests was Remazol Black B (RBB) (Sigma-Aldrich,
CAS 17095-24-8) (Figure 2).

The solutions were prepared with distilled water. The concentrations of the solutions were
diluted from a stock solution (100 mg-L?). To adjust the pH of the solutions, solutions of
hydrochloric acid (Merck Millipore) and sodium hydroxide (Merck Millipore, CAS 1310-73-2),
both 3 mol-L?, were used. The initial and final concentrations of the initial dye solution were
determined by a spectrophotometer (Hewlett-Packard, model 8453), measuring the absorbance at
a length of 597 nm, with water as white.
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Figure 2. Chemical structure of Remazol Black B dye
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2.4 Adsorption tests

2.4.1 Influence of pH on the adsorption process

The influence of pH was assessed according to studies by Cruz et al. (2016) [25] and Nascimento
etal. (2017) [26] with few modifications. The adsorbent was subjected to tests conducted in a batch
system, varying only the initial pH value of the solution (3.5 to 9). The fixed experimental
conditions were: mass of the adsorbent (0.5 g) and the concentration of the dye solution (25 mg-L-
1). The system was conducted at 30 °C, 150 rpm and a contact time of 12 hours. At the end of each
test, the samples were centrifuged at 3000 rpm for 10 minutes and then the final concentrations of
the solutions were read on a UV-Vis spectrophotometer at 597 nm with water as white. Through
the results it was possible to determine the highest percentage of removal, this value was determined
using Equation 3.

R(%) = &= Ce)*100% 3)

Where: C, is the concentration of the solute in the initial solution (mg L™); Ce, refers to the residual
concentration in the equilibrium (mg L™?).

2.4.2 Adsorption kinetics

The study of adsorption kinetics was carried out with the objective of establishing the ideal
contact time between the adsorbent and the adsorbate [27]. For this, the experiments were carried
out in a batch system under conditions previously determined by Cruz et al. (2016) [25] and
Nascimento et al. (2017) [26], with few modifications. The adsorbent (0.5 g) was subjected to an
aqueous solution 25 mg L™* of RBB dye (100 mL). The system was kept under agitation at 150 rpm
on a shaking table (New Brunswick Scientific, model C25KC), with pH 3.5 and the aliquots were
analyzed, in the time interval between 0 and 120 minutes.

The study was conducted at three different temperatures (30, 40, 60 and 100 + 2 °C) and 5.0 mL
samples were taken at 2-minute intervals to be analyzed, and subsequently centrifuged at 5000 rpm
for 3 minutes. The supernatant was analyzed by spectrophotometry to determine the final
concentration. The determination of adsorptive capacity was determined by Equation 4.

(€= C0) @
M

Where: q is the adsorption capacity (mg-g™), C, is the concentration of the solute in the initial
solution (mg-L™?); Ce, refers to the residual concentration in the equilibrium (mg-L?); V
corresponds to the volume of the solution (L); m is the amount of mass of the adsorbent (g).

In order to know some characteristics about the adsorption kinetics of RBB in cellulose, the
experimental data obtained in the kinetic study were evaluated by three kinetic models, namely: the
pseudo-first order, pseudo-second order and intraparticle diffusion models (Morris-Weber) using
Linear Equations 5, 6 and 7 [25, 28, 29].

log( ) = log( )—k— ©)

t 1 t (6)
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q¢ = kig(®®* +D (7)
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Where g is the adsorptive capacity at the saturation point in mg-g?, gt the adsorptive capacity
varying in time in mg-g?, Ky and K are the speed constants of the pseudo-first and pseudo-second
order models in min-1 e g mg-1 min-1, respectively, Kid is the intraparticle diffusion constant in
mg-gt-min®®, D the constant related to the thickness of the diffusion layer in mg-g* and the contact
time between species in minutes.

2.4.3 Balance study and determination of thermodynamic parameters

The adsorption isotherms represent a balance between the concentration of dye in the liquid
phase and the amount of dye present in the adsorbent [28, 29]. All equilibrium tests were performed
in triplicate, the conditions used were: 0.5 g of adsorbent, 150 rpm for 12 h and pH 3.5, in different
concentrations of the dye solution (25, 35, 45, 55 and 65 mg L) and different temperatures (30,
40, 60 and 100 + 2 °C). The models used were Langmuir and Freundlich according to linearized
Equations 8, 9 and 10 [25, 28-31].

Ce_ 1  Ce (8)
de bqm qm
1 (9)
R, =
L™ 1+ b¢,

Ln(ge) = Ln(Kp) + %Ln(Ce) (10)

Where: q. is the adsorptive capacity at the saturation point in mg-g, Ce is the residual concentration
in equilibrium (mg-L™?), C, is the concentration at the beginning (mg-L™?), b (L-mg™?) and gm
represent the Langmuir constants and the adsorption capacity and energy (mg-g?), K the
Freundlich constant. and R is the separation factor (dimensionless). The value of R, indicates
whether the adsorption is irreversible (R = 0), favorable equilibrium (0 <R <1).

The thermodynamic characteristics of the process were expressed at different temperatures and
concentrations. Through linearized Equations 11, 12 and 13 it is possible to determine the variations
of entropy, enthalpy, Gibbs free energy and activation energy of the adsorptive process [25, 28, 29,
32].

— AH®  AS° (11)
Ln(K) = _T + R
AG® = —nRT Ln (K) (12)

Ea
Ln(Kc) = — RT +LnA (13)

Where: K is the thermodynamic equilibrium constant (L-g?), Kc is the kinetic constant of the
thermodynamic equilibrium AH®, AS°® and AG® refer to enthalpy, entropy and Gibbs free energy of
the system, respectively. R is the universal gas constant (8.314 J mol*-K™), T is the temperature
(K), Ea corresponds to activation energy and A is the Arrhenius frequency factor.

2.5 Cytotoxicity assays in animals and microbials cells

The water obtained after treatment, to be discarded in the environment, cannot cause damage to
microbiota or animals [25]. The residual water for cytotoxicity assays for both cells, animal and
microbial, was used in the best experimental condition (dye concentration 25 mg-L?, 150 rpm at
30 °C, 0.5 g of adsorbent and pH 3.5). This water was neutralized in order to decrease toxicity to
cells and the environment when this effluent is discarded.
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The cytotoxicity assay in J774 macrophage cells was performed according to Souza et al. (2014)
[33] with few modifications. The cells were grown in 96 well plates at a concentration of 6x10°
cells / well and incubated in a 5% CO; oven at 37 °C for 24h (to adapt the cells to the wells surface).
After this incubation period, the supernatant was removed and 100 pL of the neutralized residual
water was added to the cells in RPMI medium and again the system was incubated in a 5% CO;
oven at 37 °C for 48 hours. After this step, the supernatant was removed and to the wells RPMI
medium without phenol red plus 10uL of 3- (4,5-dimethyltriazol-2-yl) -2,5-diphenyltetrazolium
(MTT) 0.5 mg mL™.

The plates were incubated for an additional 3 hours to allow MTT to react with the cells and
form the insoluble crystals of Formazan. After 3 hours, Formazan crystals were dissolved in DMSO
and immediately after the absorbance of the system, it was determined in an ELISA Benchmark
Plus plate reader (Bio-Rad) at 490 nm.

In the supernatants of macrophage cultures, the nitric oxide content was determined by the
colorimetric method of Griess [34]. The nitric oxide concentration was estimated using a standard
curve (3.12-100 pmol-mL™1). The reading was performed on a spectrophotometer (Bio-Rad 3550,
Hercules, CA) at 595 nm. This experiment was carried out in order to confirm whether the water
used had a toxic effect.

For the microbial growth viability assays, the following strains Escherichia coli, Pseudomonas
aeruginosa, Enterococcus faecalis and Staphylococcus aureus were used, maintained in Mueller-
Hinton (MH) agar culture medium. These belong to the collection of microorganisms of the
Industrial Microbiology Laboratory located in the Department of Chemical Engineering of the
Federal University of Pernambuco. These cultures were inoculated in MH broth at 35 °C for 18
hours. Then, a 0.1 mL aliquot was transferred to another tube containing Mueller-Hinton broth and
incubated for 3 hours at 35 °C. Thus, obtaining a suspension calibrated with the tube 0.5 of the
MacFarland scale that corresponds to 108 UFC-mL. Subsequently, with the aid of a swab, sowing
was carried out in plates containing MH agar. Once this was done, 10 uL of the neutralized residual
water was inoculated to the plates containing the culture medium, and then incubated at 35 °C for
24 hours, in order to check whether the residual water would cause cell death. All tests were
performed under aseptic conditions.

3. RESULTS AND DISCUSSION

3.1 Physical and chemical characterization

The bacterial cellulose presented dry weight 0.34 + 0.01 g, wet mass 5.43 £ 0.01 g, ashes of
0.005 £ 0,0% and humidity of 92%. These results are close to those obtained by Mikkelsen et al.
(2009) [35], Lopes et al. (2014) [36], Salari et al. (2019) [37] and Gayathri and Srinikethan (2019)
[38] characterizing bacterial cellulose. Figure 3 shows the results of the FTIR, DRX, TGA/DTG
and PCZ analyzes.

The Figure 3A shows the FTIR spectrum for bacterial cellulose. This was analyzed according
to the data obtained by Cheng et al. (2019) [39], Zhuang and Wang (2019) [40] and Bagewadi et
al. (2020) [41]. The spectrum showed bands attributed to 3-glycosidic bonds between glucose units
at 896 cm, symmetrical stretching of primary alcohol (C-O) and anti-symmetric elongation of C-
O-C bridges in the 1040 and 1168 cm* regions, respectively. The C-H deformation (CH3 or S-H in
the flexion plane) in 1340 cm™. One band at 1400 cm™ related to the curvature of CH, and OH.
Other bands are related to the H-O-H flexion related to the water adsorbed to the structure (1650
cm1). Extension of the CH, CH; and CHj; groups at 2889 cm™ and OH extension represented by
the broadband at 3348 cm™™.

In the X-ray diffractogram (Figure 3B), the bacterial cellulose produced is a semicrystalline
material with crystalline and amorphous regions. The two predominant peaks found in the analyzes
make it possible to assess the presence of type | and Il cellulose. In X-ray analysis, cellulose type |
is characterized by peaks of 18 ° <20 < 19 © in the amorphous region and 22 °© <26 <23 ° in the
crystalline region. Type II cellulose shows peaks of 13 © <20 < 15 ° in the amorphous region and
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18 © <20 <22 °in the crystalline region. The presence of cellulose type I and Il is characteristic of
bacterial cellulose, while the vegetable cellulose presents only type | cellulose [42, 43].

Through the Equations proposed Lopes et al. (2014) [36] and Salari et al. (2019) [37] it was
possible to determine the cellulose crystallite width 41 + 0.5 (A) and the crystallinity index of 76 +
0.2%. These results are close to those obtained by Lopes et al. (2014) (36), Salari et al. (2019) [37]
and Gayathri and Srinikethan (2019) [38] studying different bacterial celluloses.

The analyzes by thermogravimetry (TGA) and Derivative Thermogravimetry (DTG) (Figure
3C) show the variation in mass of a sample as a function of temperature. The cellulose obtained
had three different stages of mass loss. During an initial phase in the ambient temperature ranges
up to approximately 100 °C - there is a small loss of mass related to the evaporation of the residual
water molecules (from the drying process) physically adsorbed by hydrogen bonds to the sample
surface. A second phase, from 220 °C to 420 °C, where the samples suffer a marked loss of mass,
which can be explained by combustion with consequent degradation of cellulose, this step extends
to the region of 420 °C up to 700 °C, finally, the third and last phase shows the thermo-oxidative
degradation of cellulose. The DTG curve shows the maximum cellulose degradation around 350
°C. This degradation profile is similar to those obtained by Kiziltas et al. (2015) [44], Vasconcelos
et al. (2017) [45] and Sousa et al. (2020) [46].

The Figure 3D shows the relationship between the initial pH and the end of the solutions. From
it, it is possible to determine the zero-load point by making an arithmetic average of the points
where the final pH remains constant. Through the analysis of Figure 3D, it is observed that the PCZ
is 6.8. Thus, based on the graph, it can be predicted that below these values of the pH of the PCZ
the adsorbent has a positive surface charge favoring the adsorption of negatively charged adsorbates
and above the pH of the PCZ the surface is negatively charged, favoring the adsorption of loaded
adsorbates positively. Close values were found by Silva et al. (2018) [23] and Hassan et al. (2019)
[24] for different celluloses.
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Figure 3. Physico-chemical characterization for FTIR (A), DRX (B), TGA / DTGC (C) and PCZ (D) of
bacterial cellulose produced by Gluconacetobacter hansenii in modified HS culture medium with molasses
carbon source.
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3.2 Adsorption assays

3.2.1 Influence of ph on the adsorption capacity of bacterial cellulose

In the adsorption process, factors such as the properties of the adsorbent and adsorbate,
temperature and pH of the solution can directly influence the efficiency of the process [47-49]. The
pH determines the intensity of the electrostatic interactions between adsorbent and adsorbate [47,
49].

The adsorption mechanisms involving materials of biological origin are not yet fully understood,
as they involve several processes of capture of the adsorptive species. In general, it is accepted that
the surface of an adsorbent has an important role in the mechanism of capture of chemical species
[47, 49]. These mechanisms, in general, involve surface groups that in an aqueous medium can act
in the capture and retention of ionic or molecular species. Such groups can be modified in an
aqueous medium by varying the pH, which affects the adsorption process [48]. Figure 4 shows the
profile of the bacterial cellulose adsorption capacity as a function of pH.
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Figure 4. Influence of pH in the adsorptive process bacterial cellulose and RBB.

The highest values of dye removal are observed at low pH values, this is explained by the fact
that the molecules of the RBB anionic dye are negatively charged in aqueous solution [47, 48],
while cellulose adsorption sites at a lower pH have increased the number of positive charges [30,
31, 47, 48]. Cellulose has hydroxyl functional groups which, under acidic conditions, are
protonated, enabling the interaction between the different adsorbent and adsorbent charges.
Cellulose acquires a positive charge that, by electrostatic attraction, binds to negatively charged
dyes [30, 31, 47]. In order to prove this behavior on the surface of cellulose as a function of pH, a
preliminary study of the acid-base behavior of the surface of these adsorbents in an aqueous
medium was carried out by determining the PCZ [23, 24] as shown in Figure 3D.

3.2.2 Kinetic modeling of the adsorptive process

The kinetic study of adsorption of dyes on adsorbent materials is a prerequisite for choosing the
best removal conditions [27]. This evaluates the adsorbent adsorption rate and controls the
residence time of the adsorbate at the solution interface [50, 51]. The Figure 5 shows the kinetic
evolution of the Remazol Black B dye removal process in contact with the adsorbent. This
experiment was carried out in batch tests at temperatures of 30, 40, 60 and 100 + 2 °C for a period

of 120 minutes. And the adsorptive capacities in the respective times were calculated using
Equation 4.
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Figure 5. Kinetic profile for adsorption of RBB dye by bacterial cellulose (pH 3.5; 30 40 60 and 100 °C £ 2
°C; 150 rpm).

It can be seen through Figure 5, that the process reaches equilibrium around 80 minutes for all
temperatures studied. This fact is probably related to the high number of adsorption sites available
on the surface of the material [49]. Thus, as time increases, saturation of the available surface area
occurs and thus the equilibrium situation is achieved and no significant change in the amount of
adsorbed dye can then be perceived [29]. The rapid removal of adsorbate and the achievement of
equilibrium in a short period is one of the indications of a good adsorbent material [50, 51].

The kinetics experiments, in addition to finding the time in which the adsorption equilibrium
occurs (Figure 5), aimed to assess the stage that controls the adsorption process [50, 51]. Thus,
three linearized kinetic models were tested to fit the experimental data, namely, the pseudo-first
order model (Figure 6A), pseudo-second order model (Figure 6B) and intraparticle diffusion
(Figure 6C).
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Figure 6. Linearization of pseudo-first order models (A), pseudo-second order models (B), Morris-Webber
(C) and the linear fit between the experimental and theoretical data of the pseudo second order model.



A.N.R. Leal et al., Scientia Plena 17, 034201 (2021) 11

The Tables 1, 2 and 3 show the results of the constants for each model and the respective
correlation coefficients, that is, how the theoretical model fits the experimental data (Figure 6D).
A good correlation of kinetic data proves the possible kinetic mechanism of adsorption in the solid
phase [50, 51].

Table 1. Parameters of pseudo-first order kinetics.
Pseudo-first-order

T (K) _ _ _ 1
log(q. — q.) = log(q.) 2303"
kl (min-l) R2 (I’?]e;g)i) Qe, theoretical (mggl)
303 0.097 0.42304 1.566 10.248
313 0.192 0.84112 2.002 55.889
333 0.192 0.84112 2.002 55.889
373 0.213 0.58979 1.365 0.950

Table 2. Parameters of pseudo-second order Kinetics.
Pseudo-second-order
T (K) t_t .t
q: kg% qe

k m -1 min—l RZ Qe, exp qe, theoretical

2 (gmg™min®) (mg.g?) (mg.g?)
303 0.362 0.99715 1.566 1.546
313 0.380 0.99898 2.002 2.017
333 0.380 0.99898 2.002 2.017
373 0.321 0.99603 1.365 1.389

Table 3. Morris-Webber kinetics parameters.
Morris-Weber

T(K) qc = Kig(©)** +D
Kia (min?) D (mg.g?) R?
303 0.144 0.188 0.8336
313 0.189 0.250 0.82881
333 0.189 0.250 0.82881
373 0.131 0.147 0.86336

Through the correlation coefficient, it was found that the pseudo-second order model obtained
a good adjustment to the experimental data obtained for bacterial cellulose, since they approach the
theoretical ge values (Figure 5B). This model consists of the adsorption capacity of the solid phase
and reports the behavior of the process over the entire contact time range [49, 51].

The models of pseudo-first order (applied in times above the initial 20-30 minutes of the
adsorption process) and intraparticle diffusion (mechanism as a limiting step) did not fit
satisfactorily with the experimental data because they have a low correlation coefficient [52, 53].
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Other authors carried out the evaluation of the removal of the RBB dye and observed that the
capture of this dye also adjusted to the pseudo-second model, as observed by Alves et al. (2020)
[29] using soil samples, Cruz Filho et al. (2016) [48] using mixed biomass and Ziapour et al. (2016)
[54] using bagasse.

3.2.3 Balance study and thermodynamic parameters

The adsorption isotherm is fundamental for understanding the adsorption mechanism [55]. An
adsorption isotherm shows the amount of a particular solute adsorbed to an adsorbent surface,
depending on the equilibrium concentration of the solute [56]. The adsorption isotherms indicate
how the adsorbent will remove the contaminating molecules and whether the desired purification
can be obtained, as well as presenting a maximum estimate of the adsorption capacity [57]. The
most used models for balance study are those of Langmuir and Freundlich

The Langmuir model assumes a monolayer and considers the adsorbent surface with identical
sites in terms of energy, that is, it considers the adsorbent surface to be homogeneous [55, 56]. The
Freundlich model describes multilayer adsorption systems and is applied to the heterogeneous
surface, where the adsorption sites are considered to have different adsorption energies, which vary
according to the surface coverage [55-57]. The Figure 7 shows the linearization of data for
Langmuir (Figures 7A e 7C) and Freundlich (Figure 7B e 7D) models. All experiments were
conducted in batches until the equilibrium time obtained by the kinetic tests and the equilibrium
tests of the bacterial cellulose adsorbent with the RBB adsorbate were carried out at different
temperatures.
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Figure 7. Langmuir (A e C) and Freundlich (B e D) isotherms in their linearized form and the linear fit
between the experimental data and the Langmuir theoretical model.

The values of the linearization parameters of the Langmuir and Freundlich models are shown in
Table 4. Where gm corresponds to the maximum adsorption capacity and K, refers to the Langmuir
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adsorption constant, n represents the degree of heterogeneity of the Freundlich surface, Kr
corresponds to the Freundlich adsorption constant and R2 corresponds to the correlation coefficient
between the experimental data and the theoretical model.

Table 4. Linearization of experimental data for the adsorption of RBB by bacterial cellulose according to
the Langmuir and Freundlich isotherm models.

Langmuir Freundlich

T (K) c. 1 C. 1
4. ba. + T Ln(q.) = Ln(Kp) + I Ln(C,)
b(L.mg")  agm(mg.g?) R? am (Mg.g™") nt R?
303 0.096 3.178 0.951 0.765 3.065 0.67447
313 0.036 5.630 0.959 0.492 1.9150 0.93923
333 0.009 17.513 0.973 0.246 1.232 0.99795
373 -0.057 0.498 0.8847 269.662 -0.888 0.13228

The results of the adjustments showed that the Langmuir model presented better correlation
coefficients when compared to the Freundlich model. According to the Langmuir model, maximum
adsorption occurs in a monolayer of solute molecules on the surface of the adsorbent, without any
lateral interaction between the adsorbed molecules [52, 53, 58]. That is, the adsorbent has a limited
number of positions available on the surface and that the molecules can be adsorbed until the
available surface sites are vacated [49, 51]. Thus, it is considered that the molecules were adsorbed
only on free sites [55, 56]. The effect of temperature is a significant physical-chemical parameter
in the adsorptive process [59, 60]. In general, adsorption increases with increasing temperature
[61]. This fact is related to the increase in the molecular solubility of the dye and also to its chemical
potential [59]. The increase in temperature promotes an increase in the molecular diffusivity of the
dye and, consequently, by an increase in the adsorption speed. In addition to the increased mobility
of the dye molecules, there is an increase in the number of active adsorption sites, due to the
swelling of the material's pores [59-61]. However, at high temperatures (100 °C) there is a decrease
in the adsorption capacity, and this is because the increase in the process temperature can damage
its surface of natural adsorbents and indicates that at this temperature the process is not favorable
[48, 62].

This behavior is also confirmed through the data obtained in Figure 8, which show that at
temperatures below 100 °C the process is favorable, because the value of the constant Ry is between
0 and 1 (Figure 8A) [30]. Figure 8B shows that at temperatures above 100 °C the adsorptive process
is unfavorable.
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Figure 8. R, values for the adsorption of the RBB dye.
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Through the results obtained in the kinetic and equilibrium studies it was possible to make a
comparison with different natural adsorbents. Table 5 shows the type of adsorbent, the maximum
adsorption capacity (Qo), equilibrium time and models that were adjusted, both in the kinetic study
and in the equilibrium.

According to Table 5, the adsorbent capacity of the adsorbent from bacterial cellulose is lower
when compared to activated carbon from fungus residue, chitosan, fiber composed of
polyethyleneimine-polyvinyl chloride and activated carbon. And it has greater adsorption capacity
when compared to mixed biomass of Aspergillus niger/elephant grass, green coconut mesocarp,
macadamia seed husks, Eichhornia crassipes/chitosan composite. These differences in the
adsorption efficiency are directly related to the nature of the adsorbent and the process conditions
[31].

Table 5. Comparison of the adsorption capacity of reactive dyes in various adsorbents.

Qo (mg.g Time

Adsorber Y (min) Kinetic model isotherms References
Bacterial cellulose 17.51 80 Pseudo-second Langmuir This work
Eichhornia crassipes / 0.606 60 Pseudo-second Langmuir [63]
chitosan composite
Macadamia seed husks 1.12 600 Pseudo-second Freundlich [64]
Aspergillus niger / 9.645 40 Pseudo-second Langmuir [25]
elephant grass
Activated carb_on from 19.6 i i Langmuir [65]
fungus residue
Activated carbon Frle_L?r?c?lriT;wgn q
derived from coconut 95 390 - [66]
Radke-
shell _
Prausnitz
Pseudo-first e second Lanamuir and
Chitosan 130 60 order and intraparticle gmuit [67]
o Freundlich
diffusion
Fiber composed of
polyethyleneimine- 314.4 360 Pseudo-second Langmuir [68]
polyvinyl chloride
Activated charcoal 434 60 - Langmuir [69]

The determined thermodynamic parameters were Gibbs free energy (AG°), enthalpy variation
(AH®) and entropy (AS®), the same being of great importance for the adsorption process [25, 70]. The
estimates of the thermodynamic parameters AS°® and AH® were possible to determine by linear
regression Ln (K) as a function of T -* as shown in Figure 9 [32, 70]. The temperature of 100 °C
was not used to obtain the thermodynamic parameters because it showed a decrease in the
adsorption capacity. Table 6 shows the obtained thermodynamic parameters.
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Figure 9. Variation of the Langmuir Kl equilibrium constant with the absolute temperature for the
adsorption process of the RBB dye in bacterial cellulose.

Table 6. Thermodynamic parameters for RBB adsorption on bacterial cellulose

T(K) K. (L-mg?) AG® (kJ.mol?) AH® (kJ.mol?)  AS°(J.mol?)
303 0.096 +5.88 -1.03 -2.89
313 0.036 +8.58
333 0.009 +12.75

From the data in Table 6, it can be seen that Gibbs free energy has positive values, indicating
that the reverse reaction is negative, it also demonstrates that the process is non-spontaneous and
can be reversible, therefore, the cellulose can be recovered. for reuse [71, 72].

The negative enthalpy value suggests an exothermic nature of adsorption and this is
accompanied by an energy release [25, 70]. The value of AH® gives an indication of the type of
adsorption that occurs, the two main types being physical adsorption (physisorption) and chemical
adsorption (chemisorption). In physisorption, the adsorption heat has values less than 20.9 kJ-mol
1 and in chemisorption, the adsorption heat has energy values greater than 20.9 kJ mol* [73].
Therefore, the value of AH® for the adsorption of the RBB dye indicates that the adsorption process
is of a physical nature.

Negative entropy values indicate an increase in the degree of organization of the system,
associated with the accommodation of the dye on the cellulose surface, also indicating that there is
no increase in mobility and there is no dissociation of the dye particles on the cellulose surface [25,
71, 72].

The activation energy was extrapolated using the Arrhenius equation and Figure 10 shows the
Arrhenius graph of Ln K versus 1/T where K was obtained from the pseudo second order model.
The calculated E, value was 23.8 kJ-mol™ and the exponential factor of the Arrhenius constant 1.65.
This means that for the adsorbate interaction to occur with the cellulose surface, it is necessary to
overcome an energy barrier of 23.8 kJ-mol™.
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Figure 10. Variation of the pseudo-second order model constant with the absolute temperature for the
adsorption process of RBB dye in bacterial cellulose.

3.3 Cytotoxicity assays in animal and myocrobia cells

The residual water from the process with the best experimental condition was neutralized and
only after that was the cytotoxicity assay performed against macrophage cells of the J774 strain
(Figure 11A). The cells did not suffer significant cell death (p = 0.0022). These values were
confirmed due to the low nitric oxide production (Figure 11B). Yang et al. (2020) [74] removing
methylene blue noted that the residual water was not cytotoxic against Chinese hamster ovary cells.
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Figure 11. Cellular viability assessed by the MTT method in macrophages of the J774 strain treated with
neutralized residual water (A) and production of nitric oxide produced (B). The horizontal bars represent
the average of two experiments.

In addition to not being toxic to animal cells, it also did not cause death to the bacterial cells of
this study Pseudomonas aeruginosa, Escherichia coli, Enterococcus faecalis and Staphylococcus
aureus (Figure 12). Therefore, this water can be reused and has no harmful effects.
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Figure 12. Growth of the microorganisms Pseudomonas aeruginosa (A), Escherichia coli (B),
Enterococcus faecalis (C) and Staphylococcus aureus (D).

4. CONCLUSION

In this work, bacterial cellulose was used as an adsorbent for the removal of the Remazol Black
B dye in aqueous solutions at different pHs. The results showed that at pH 3.5 the best percentage
of removal was 92% of the RBB dye. The kinetic study showed that the balance between the liquid
and solid phases was reached in about 80 minutes and that the experimental data adjusted to the
pseudo-second order model. The equilibrium tests showed that the experimental data fit the
Langmuir model and that the increase in temperature causes a decrease in the adsorption capacity.
The thermodynamic behavior of the adsorption was evaluated according to Gibbs' enthalpy, entropy
and free energy. The value of Gibbs' free energy showed that the process is not favorable with
increasing temperature. The negative enthalpy value confirms the exothermic nature of the
adsorption process. And the negative entropy value suggests a reduction in the disorder of the
adsorbate particles during the adsorption process. Thus, bacterial cellulose proved to be an
economical and efficient alternative for the treatment of textile effluents containing the dye
Remazol Black B.
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