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Abstract

Vinasse is one of the most polluting effluents in the sugar—alcohol industry due to its physicochemical properties. The com-
mon methods of treatment are not able to supply all the volume generated, and therefore, efforts are needed to obtain new
technologies that are efficient in the management of this waste. So, this work aims to evaluate sugarcane bagasse and peanut
shell, as renewable adsorbents, for the removal of organic matter, pH, and turbidity found in vinasse effluent. Commercial
activated carbon was used to compare the data. Experimental assays were conducted using the adsorbents under three different
concentrations (1:12.5 g L' 2:25.0 g L' 3:37.5 g L_l) at 3, 6, 12, 24, and 48 h of treatment, under controlled temperature
(25 °C) and rotation (200 rpm). The bioadsorbents were able to promote significant removal of organic matters, showing
natural adsorbent properties without any previous activation. Major COD removal (63.88%) was observed for the commer-
cially activated carbon after 48 h of treatment and concentration of 37.5 g L™!. For the peanut shell and sugarcane bagasse,
the major COD removal was 50.94% and 45.35%, respectively, after 48 h of treatment and concentration of 12.5 g L™!. The
final effluent exhibited high residual COD content, indicating the necessity to use a second treatment in sequences, such as
biodigestion or ozonolysis.
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Introduction

Brazil is the major ethanol producer in the global market,
and it has a key participation in sugarcane agribusiness.
According to the CONAB (National Supply Company of
Brazil), the harvest of 2019/20 (CONAB 2020) produced
35.6 billion liters of ethanol. Contrary to what occurred
in the 2019/2020 season, when the harvest was marked by
arecord in biofuel production, there was a strong reversal
with the reduction in demand for fuels. Thus, the total
ethanol production was 32.8 billion liters in the 2020/2021
harvest (CONAB 2021a) and an estimated 24.8 billion for
the third 2021/22 harvest report (CONAB 2021b). The
sugar—alcohol industry plays a crucial role in the Brazilian
economy and technological and social development, with
large arable areas, edaphoclimatic conditions favorable to
sugarcane, long-term experience, and existing commercial
technology (Freitas and Kaneko 2011; Walter et al. 2011;
CONAB 2020).

The expansion of the sugar—alcohol industry brought to
light problems involving the waste and effluents generated,
such as bagasse, straw, filter cake, and boiler ash. Among
the effluents created during the process, the vinasse con-
figures as the most polluting due to its physicochemical
properties and its greater volume generated, where 11 to
15 L of vinasse are generated for every one liter of ethanol
produced (Mutton et al. 2010; Rocha et al. 2012; Lima
2013; Sadeghi et al. 2016). Taking into account the high
Brazilian ethanol production, the volume of vinasse gener-
ated is worrisome.

The vinasse effluent presents dark brown color and high
turbidity, harming the aquatic ecosystem where it was dis-
carded. It is composed primarily of water, organic com-
pounds, suspended solids, and other pollutants. Besides its
high chemical oxygen demand (12,000-200,000 mg L)
or biochemical oxygen demand (45,000-100000 mg L"),
vinasse has high contents of nitrogen, phosphorus, and
potassium, which turn them to be considered toxic and
may lead to contamination and eutrophication of the site
of disposal (Kannan et al. 2006; Lima 2013; Santos et al.
2014; Sadeghi et al. 2016; Fagier et al. 2016). The low
pH, electric conductivity, and chemical elements present
in sugarcane vinasse may cause changes in the chemical
and physical-chemical properties of soils, rivers, and lakes
(Christofoletti et al. 2013), and its incorrect disposition
into the environment without treatment represents an envi-
ronmental and public health risk (Chingono et al. 2018).

Among the existent provisions for vinasse, fertigation
deserves attention for being the most used technique nowa-
days. It irrigates and fertilizes the ground, and it provides
reduction of the input costs. However, the addition of
vinasse in natura to the soil may create various negatives
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effects such as salinization and organic overload (Laime
et al. 2011; Fuess et al. 2017). With the impediment of the
release of vinasse in waterways and directly to the soil due
to the creation of laws and standards aimed at reducing
environmental impacts, the question about the destination
of vinasse has become the target of much technological
research (Laime et al. 2011; Christofoletti et al. 2013).

Some technologies have been studied in an attempt to
solve the vinasse problem such as anaerobic biodigestion
(Silva and Abud 2016; Fuess and Zaiat 2018; Fuess et al.
2018; Palacios-Bereche et al. 2020), fertirrigation (Fuess
et al. 2018; Nakashima and de Oliveira Junior 2020), con-
centration (Cortes-Rodriguez et al. 2018; Nakashima and
de Oliveira Junior 2020; Palacios-Bereche et al. 2020),
composting (Madejon et al. 2001; Wang et al. 2017), com-
bustion and incineration (Cortez and Brossard Pérez 1997,
Akram et al. 2015), animal feed manufacturing, and use in
construction, and recycling in fermentation and yeast pro-
duction (Mutton et al. 2010; Laime et al. 2011; Rocha et al.
2012). However, these methods are not able to supply all the
volume generated from this effluent, and therefore, efforts
are needed to obtain new technologies that are efficient in
the management of this waste.

Therefore, adsorption appears as an option for the reduc-
tion of organic matter found in the vinasse effluent, being
one of the most used and diversified methods (Cunha and
Aguiar 2014; El-Sayed et al. 2019). The use of commercial
activated carbon as an adsorbent possesses a great interest
for different industry sectors; however, the final cost of the
production of this adsorbent and its complex regeneration
makes its application on a large scale impracticable. Such
fact leads to increase interest in searching for new precursors
of low cost and easy obtainment to be used as an adsorbent
(Gupta et al. 2011; Cazetta et al. 2014).

The benefit of using renewable adsorbents is the low cost
of the raw material, being obtained from industrial, urban,
forestry, and agricultural disposals. Besides the economi-
cal aspect, the fact that these materials are biodegradable
ensures environmental advantages for their use (Boniolo
et al. 2010; Brandao et al. 2010; Zhou and Haynes 2012).
Although the need for chemical or physical treatment to
increase adsorption potential, the use of lignocellulosic
adsorbents (also known as bioadsorbents) presents satisfac-
tory and promising results regarding the diminution of con-
taminants found in residual water (CONAMA 2011; Wan
et al. 2017).

An alternative, of low cost, for the sugar—alcohol indus-
tries would be the use of bioadsorbents from the residues of
vinasse treatment, “performing the residual treatment with
residues” (Wan et al. 2017). Specifically, for the vinasse
treatment, the sugarcane bagasse and the peanut shell
become interesting biomass. For the first, due to the fact of
being an important residue of the sugar and alcohol industry
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(Ge et al. 2017; Ejaz and Sohail 2021) and both (bagasse
and vinasse) are available simultaneously at the same site,
dismissing expenses in logistics. As for the second, to aggre-
gate value to this residue of low density and great volume.
Moreover, as much as the peanut shell is not a residue of
the sugar—alcohol process, it is usually nonedible, has great
availability and has natural adsorptive properties (OuYang
et al. 2014; Tasar et al. 2014; Largitte et al. 2016; Tasar and
Ozer 2019).

Several studies have evaluated these two residues as
adsorbents (Raymundo et al. 2010; Zhang et al. 2013; Quin-
tero et al. 2016; Chingono et al. 2018; Feigiang et al. 2018;
Mabhanta et al. 2019; Tomul et al. 2020); however, all go
through a process of chemical or physical activation. This
increases the costs of these materials and makes them less
attractive in the treatment of vinasse. An alternative would
be to use them in natura, without any pre-treatment, and
evaluate their performance in the adequacy of vinasse char-
acteristics (COD, pH, and turbidity). In addition, the use in
natura favors the subsequent burning of these materials in
boilers (most common use) and even adds combustion heat
to these residues (Seixas et al. 2016). Thus, in this work sug-
arcane bagasse and peanut shell were evaluated as a potential
adsorbent for the removal of organic matter found in vinasse
effluent. Commercial activated carbon was also used in the
adsorption assays for comparison motives.

Material and methods
Vinasse characterization

The vinasse was acquired at Biosev — Lagoa da Prata Unit,
located in the state of Minas Gerais, Brazil. The effluent was
collected after the distillation process, without being sub-
jected to any other treatment according to ABNT protocol
(NBR 9898/87). It was characterized in natura regarding
the pH using a pH meter Digimed DM-22, turbidity using
a turbidimeter HI 98703, COD (chemical oxygen demand),
and Solids Series by the methodology of Standard Meth-
ods for the Examination of Water and Wastewater (APHA
2012). For the COD, the standard closed reflux colorimetric
method was used to determine the organic matter content.
The readings of absorbance were conducted by using a spec-
trophotometer (Ionlab IL-592) at the wavelength of 600 nm.
The analytic curve was built from the potassium biphthalate
standard solution, and the vinasse sample was homogenized
and diluted 50 times.

Preparation and characterization of the adsorbents

The sugarcane bagasse and the peanut shell were
obtained from local producers, in plantations in the city

of Conselheiro Lafaiete, Minas Gerais, Brazil. They were
washed using potable water to remove the coarse impuri-
ties pursued by simultaneous washings with distilled water.
Subsequently, they were dried at 100 °C for 2 h and then at
65 °C for 38 h. The dried bagasse was ground and classified
using a vibrating sieve to obtain a particle size less than
14 pm. The crushed sample was then washed with distilled
water and dried at 65 °C for 18 h.

The lignocellulosic adsorbents and the commercial ana-
lytical standard activated carbon (Exodo Cientifica) were
characterized. The apparent specific mass was determined
according to Brazilian technical standards of determination
of apparent specific mass (ABNT 1991). The point of zero
charge (pHp,) was obtained from the 11-points method
described by Robles and Regalbuto (2004). The thermo-
gravimetric analysis (TG) was performed on an analyzer
DTG-60H of the series C30574800329TK, with air flux
of 50 mL min~! at a heating rate of 10 °C min~’, at 30 to
900 °C. The settlement of superficial groups was made by
infrared spectrometry (IV-TF) on a device SHIMADZU
using an anhydrous KBr disk. The surface area and poros-
ity were determined by N, adsorption—desorption analysis
(Nova 1200e) at a preparation temperature of 80 °C under a
vacuum. Crystalline phases were determined by X-ray dif-
fraction (XRD) in a Rigaku diffractometer (Miniflex 600)
operating with CuKa radiation. The goniometer velocity
was 1.0° min~" to the crystalline phases detection at angles
from 5° to 90°. The adsorbents’ pH was measured using
the methodology described by Huff and Lee (2016), adding
1 g of carbon to 10 ml of distilled water on the Erlenmeyer.
The glasses jars were agitated at 110 rpm at 28 °C using a
refrigerated incubator (Nova Técnica) for 1 h, and the pH
was measured using a pH meter (Digimed DM-22).

Vinasse treatment with activated carbon
and bioadsorbents

The vinasse was treated using activated carbon and bioad-
sorbents of sugarcane bagasse and peanut shell. The assays
were performed with the addition of different masses of each
adsorbent (0.625 g, 1.25 g, and 1.875 g) at 50 mL of vinasse
effluent. The three concentrations were called 1 (12.5 g LY,
2 (25.0 g LY, and 3 (37.5 g L™Y). Then, they were placed
in a shaker (Nova Técnica), with controlled temperature and
rotation of 25 °C and 200 rpm, respectively. Four different
times intervals (3, 6, 12, 24 e 48 h) were selected for moni-
toring the adsorption process. Elapsed each time, a sam-
ple of the treated effluent was collected and filtered under
vacuum conditions, using an 8-um filter paper, posteriorly
it was characterized for its pH, turbidity, and COD, as previ-
ously described.

Kinetic models were evaluated to investigate the adsorption
mechanism and determine the rates involving adsorption in
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solid superficies in a solid/liquid adsorption system (Aksu and
Tezer 2000; Mesquita et al. 2017). The data were fitted to the
four commonly used kinetic models: pseud-first-order, pseud-
second-order, intraparticle diffusion, and Elovich equation.

The pseudo-first-order model was one of the first estab-
lished rate equations for adsorption (Eq. 1), also called the
Lagergren equation (Lagergren 1898), and based on the capac-
ity of solids.

d
= =Ki(g.-a) M
In this equation, K is the pseudo-first-order adsorption rate
constant (min~"), g, is the amount adsorbed in equilibrium
(mg g™, q, is the amount adsorbed in time ¢ (mg g™, and
t is time (min). Integrating Eq. 1 and applying the boundary
conditions (t=0—¢,=0; r=t—q,=gq,), Eq. 2 is obtained.
Therefore, you can determine the value of K; from a graph
of In(g,—gq,) versus t (Aksu and Tezer 2000; Li et al. 2020).

In (g, —q,) =In(q.) — Kyt )

The pseudo-second-order model (Eq. 3) is also based on
the adsorption capacity of the solid phase and demonstrates
the behavior of the process throughout the contact time range
(Crini and Badot 2008). It allows predicting the behavior over
the whole range of adsorption and is in agreement with an
adsorption mechanism being the rate-controlling step (Aksu
and Tezer 2000; Li et al. 2020).

dg,

L =K(g-a) 3

In this equation, K, is the pseudo-second-order adsorption
rate constant (g mg~! min~!). Integrating Eq. 3, applying con-
tour conditions (t=0—¢,=0; t=r— g,=g¢,), and linearizing,
Eq. 4 is obtained.

t 1 t

= + —
9 K¢ q. )

The values of K, and g, can be obtained through the inter-
cept and the slope of the curve shown in the graph of #/g, ver-
sus t.

Elovich equation has been used in some chemisorption pro-
cesses and slow adsorption kinetics processes. Its linearized
shape is given by Eq. 5 (Oztiirk and Malkoc 2014; Li et al.
2020)

g =~ In(@p) + = In (1) )
B p

In this equation, a is the initial rate of adsorption
(mg g~! min~"), f is related to the extent of surface coverage
and activation energy for chemisorption (g mg™").
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If intraparticle diffusion is the determining factor of
velocity, the intraparticle diffusion model (Eq. 6) should be
evaluated and the adsorbed removal varies with the square
root of time (Li et al. 2020).

g, = Kgit™ +C (6)

In this equation, K is the intraparticle diffusion rate
constant (mg g~' min~"7), C is a constant related to diffu-
sion resistance (mg g~!) and is related to the thickness of the
boundary layer (Li et al. 2020).

Results and discussion
Vinasse characterization

The physical-chemical characteristics of crude vinasse efflu-
ent are shown in Table 1. The acidic character presented is
due to, most of the sulfuric acid addition to the must during
the ethanol fermentation (Rocha et al. 2012). Furthermore,
the low pH is related to the presence of organic acid in crude
vinasse, such as acetate, maleate, citrate, and lactate (Huff
and Lee 2016). The CONAMA (The National Environment
Council of Brazil) Resolution n° 430/2011 (CONAMA
2011), which provides for conditions and patterns of efflu-
ent discharges, requires that the pH of the effluent is between
5 and 9 so that it can be disposed of in a water body. Thus,
the pH of 4.16 presented by vinasse indicates the need for a
treatment stage to adapt this parameter.

The high concentration of organic compound
found in crude vinasse, expressed by its COD value of
42,527.78 mg L', is the major factor responsible for the
elevated polluting potential of this effluent. The most com-
mon organic compounds found in crude vinasse and, con-
sequently, the ones that contribute to a high COD value are
ethanol, glycerol, sucrose, glucose, fructose, lactate, acetate,
maleate, citrate, oxalate, among others (Parnaudeau et al.
2008; Doelsch et al. 2009).

Crude vinasse effluent presented turbidity of 1390 NTU.
Compared with the CONAMA (The National Environment
Council of Brazil) Resolution n° 357/2005 (CONAMA

Table 1 Physical-chemical parameters of vinasse in natura

Parameter Unit Result
pH - 4.16
COD mg L™ 42,527.78
Turbidity NTU 1390
Total solids mg L! 25,578.7
Volatile solids mg L™! 16,849.33
Fixed solids mg L™! 8729.34
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2005), which provides the classification of water bodies and
environmental guidelines for its framework, it determines
that the freshwaters classes I, II e III exhibit turbidity of 40,
100 and 100 NTU, respectively. In other words, the efflu-
ent presents turbidity far above the recommended by the
legislation. Thus, if vinasse is released into the water body
without prior treatment, it can cause difficulty in penetrating
sunlight, impairing photosynthesis and, consequently, the
entire aquatic ecosystem (Von Sperling 1996).

The crude effluent exhibited 25,578.67 mg L™! of total
solids, which corresponds to 2.56% of its composition. The
volatile solids correspond to the organic matter, and the
steady solids represent the inorganic. The predominance of
organic solid regarding the inorganic in the vinasse composi-
tion (65.9 and 34.1%, respectively) is noted. This predomi-
nance is related to the high content of organic compounds,
evidenced by the elevated COD value. In contrast, inorganic
solids are represented mostly by potassium, sulfur, calcium,
nitrogen, phosphorus, and magnesium (Lima 2013).

Vinasse in natura presented a brown and dark color
(Fig. 1) and a characteristic sweet odor. In general, when
in contact with air, it undergoes oxidation and is associated
with the putrefaction of organic matter present in its com-
position promoting an unpleasant smell (Rolim et al. 2013).
Both color and turbidity are mainly caused by the presence

Fig. 1 Sample of sugarcane vinasse

of suspended particles and a colloidal state in the effluent
(Lima 2013). In vinasse, most of the substances responsi-
ble for these characteristics are of organic origin. Its color-
ing can be attributed mainly to the thermal degradation of
reducing sugars and amino compounds and the formation of
melanoidins and polyphenolic compounds (Wedzicha and
Kaputo 1992; Francisca Kalavathi et al. 2001; Kannan et al.
2006; Mohana et al. 2007).

Adsorbent’s characterization

The characteristics of surface area, total porous volume, and
average porous diameter determined by N, adsorption—des-
orption tests for activated carbon, sugarcane bagasse, and
peanut shell are shown in Table 2.

As expected, commercial activated carbon presented the
highest values for surface area, since both sugarcane bagasse
and peanut shell did not go through any activation processes.
The values are similar to other studies in the literature that
also used commercial activated carbon (Dabrowski et al.
2005; Kumar et al. 2010; Zanella et al. 2015b, a; Haro et al.
2017; Franco et al. 2017). Even without activation, the pea-
nut shell presented a good surface area, but with a relatively
low pore volume. A typical mesoporosity is present for both
activated carbon and peanut shell, according to the [UPAC
classification (2-50 nm). However, according to Tomul et al.
(Tomul et al. 2020), prepared biochars have a large amount
of microporous that do not present major changes even with
thermal treatments. For Murali et al. (2019), peanut shell has
immensely good physical-chemical properties, such as high
porosity, high surface area, and high electrical conductivity.

Sugarcane bagasse showed a low surface area and macr-
oporosity, according to the IUPAC classification (> 50 nm).
Other works have also found the average porous diameter
greater than 100 nm for this material in natura (Sousa et al.
2012; Quintero et al. 2016; Mortari et al. 2018; Correa-
Navarro et al. 2020). It is important to note that according
to Sousa et al. (2012), having large pores does not rule out
the use of materials as an adsorbent, since very small pores
can be inaccessible depending on the size of the molecules
that want to be removed. Another point that these authors
raise is that the greater total specific surface area will not
only indicate the highest reactivity of the activated carbon.
Based on this and knowing that vinasse is a mixture of water,

Table 2 Surface area, total porous volume, and average porous diameter determined by the N, adsorption—desorption tests for commercial acti-

vated carbon, sugarcane bagasse, and peanut shell

Sugarcane bagasse Peanut shell

Parameters Activated carbon
Surface area (m? g_l) 472.29

Total porous volume (cm® g™") 0.27

Average porous diameter (A) 31.8

1.52 40.71
0.0042 0.031
125 40.7
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organic matter in the form of organic acids, and cations such
as K, Ca, and Mg (Mutton et al. 2010; Laime et al. 2011;
Christofoletti et al. 2013), which possibly have several large
chain molecules, the in natura bagasse can be an adsorptive
potential.

Aiming at a better comprehension of the commercial
activated carbon, sugarcane bagasse, and peanut shell prop-
erties, characteristics such as apparent density, crystalline
structures, point of zero charge (PZC), pH, loss of mass with
temperature, and surface groups were also analyzed.

The apparent density of the commercial activated car-
bon, sugarcane bagasse, and peanut shell was 0.53 g cm™>,
0.10 g cm™, and 0.34 g cm =, respectively. The three adsor-
bents showed low density, demonstrating the importance of
agitation during treatment to promote an efficient contact
between the adsorbent and the effluent because vinasse has
a density similar to that of water (Franco et al. 2017).

The pHpy for the commercial activated carbon, sugar-
cane bagasse, and peanut shell was 6.4 +0.2, 7.12+0.09,
and 7.35 +£0.08, respectively. The adsorbents, in general,
develop charges at the solid/liquid interface due to the
dissociation or adsorption of ions from the solution. The
characterization of these charges is important concerning
the applications of the materials as an adsorbent. The cati-
ons’ adsorption is favored by pH > pHp,, while the anion
adsorption is favored by pH < pHp,- (Wang et al. 2011;
pdf-103027-43026).

Knowing that the pH of the crude vinasse used in the
present work was 4.16, thus presenting values lower than
the pHp, for all studied adsorbents. Therefore, the surface
charge of the characterized adsorbents was positive, being
ideal for the adsorption of molecules that presented a nega-
tive charge in the solution.

While the PZC allows obtaining information about the
interactions of the bone char surface with the medium,
the evaluation of the interaction with a standard medium
allowed obtaining the pH of the adsorbents due to protolytic
processes occurring during the immersion of the samples
(Laszl6 et al. 2006). The activated carbon presented an alka-
line characteristic (pH=28.67 +0.04), while the sugarcane
bagasse (pH=4.85+0.05) exhibited a more acidic charac-
teristic than the peanut shell (pH=6.10+0.04). This occurs
mainly from the decoupling (hydration) of acids and bases
groups presented at the adsorbent surface and the distribu-
tion of hydronium ions on an electric double layer (Bagreev
et al. 2001).

The amorphous-like structure of the bioadsorbents was
determined by the XRD (Fig. 2). The three adsorbents pre-
sented a peak of higher intensity em 22° (002) that dem-
onstrates an irregular pairing of (micro) graphitic planes
(Yoshizawa et al. 1996; Turk Sekulic et al. 2019; Murali
et al. 2019). Commercial activated carbon and peanut shell
samples demonstrate a small peak at 43° (100), also referring
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Fig. 2 Diffractograms of commercial activated carbon, peanut shell,
and sugarcane bagasse

to (micro) graphitic planes, but indicating the availability of
formation of honeycomb structures in carbons (Murali et al.
2019; Tomul et al. 2020). These bands are characteristic
of starch materials due to the presence of cellulose, lignin,
hemicelluloses (Quintero et al. 2016; Murali et al. 2019).
Other peaks may represent some inorganic components,
such as quart, whewellite, and calcite minerals (Dehkhoda
et al. 2014; Gong et al. 2019; Tomul et al. 2020). In fact, the
peak around 27° in commercial activated coal suggests the
structure of calcite in the sample (Tomul et al. 2020), pos-
sibly more representatively due to the calcination that this
sample suffered.

The FTIR spectrums for the three studied adsorbents are
shown in Fig. 3. All had shown large and strong bands at
3432 cm™!, which is due to the hydroxyl group —OH (pre-
sented in macromolecules as cellulose, hemicellulose, and
lignin) and an adsorption band at 2928 cm™!, attributed to
the stretch vibration of C—H presented in the cellulose (Feng
et al. 2013; Yue et al. 2013). Thus, the presence of “free”
hydroxyl groups is higher for sugarcane bagasse than for
commercial activated carbon (Tagar and Ozer 2019), cor-
roborating with the pH analyses of adsorbents. The observed
bands at 1030 cm™! were attributed to the glycosidic defor-
mation of C—H with the ring vibration and bend of the OH,
indicating a p-glycoside bond between glucose and cellulose
(Pehlivan et al. 2013; Banerjee et al. 2017). These bands
indicate the existence of cellulosic components in the three
adsorbents (Garg et al. 2019; Tasar and Ozer 2019; Ansari
et al. 2021; Ejaz et al. 2021), being more evident in the case
of lignocellulosic adsorbents (sugarcane bagasse and peanut
shell). The change in the intensity of these bands and peaks
suggest structural modification, reduction in the quantity
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Fig.3 FTIR spectrum for commercial activated carbon, sugarcane
bagasse, and peanut shell

and/or breakdown of cellulose, hemicellulose and lignin
bonds (Ejaz et al. 2019; Ansari et al. 2021).

The sugarcane bagasse and the peanut shell exhibited an
absorption peak at 1742 cm™! attributed to the stretching
vibration of the carboxyl group, which indicates the exist-
ence of ketones or lignin esters. The peaks at 1419 cm™!
are from the bending vibration of CH, and were creating a
small band (Feng et al. 2013; Banerjee et al. 2017). The peak
around 1324 cm™! is due to the stretching vibration of C—N,
which corresponds to the amine groups in the structure of
the adsorbent (Bhaduri et al. 2016). The band reduction by
minor wavelengths of 1000 cm~!is due, among other effects,
to the decreased glycosidic bonds (Li et al. 2016). Further-
more, the small bands at 1457 and around 1164 cm™" were
attributed to the coupling interaction -C—O- and OH of the
stretching vibrations -COOH e C-N (Pehlivan et al. 2013).
For the sugarcane bagasse, the peak at 1154 cm™! is attrib-
uted to the C=S group. For the activated carbon, the peaks
at 1539 cm™! were from the combination of the stretching
vibrations of C=C and C=N (Aziz et al. 2009).

From the FTIR analysis, it is noticed that the peanut shell
presents the curves with intermediate intensities indicating
a cellulosic matrix less intense than the sugarcane bagasse
(Feng et al. 2013; Yue et al. 2013). In fact, the N, adsorp-
tion—desorption tests demonstrate a more porous structure
for peanut shell, but not as porous as commercial activated
carbon, which presented a surface area 10 times larger.
However, the surface characteristics of adsorbents strongly
interfere in the vinasse adsorption process along with the
specific area of the samples (Seixas et al. 2016), indicating
the possibility of functional groups of sugarcane bagasse
and peanut shell allowing interactions with different effluent

molecules (Bansal et al. 1988; Seixas et al. 2016). The func-
tional groups present in adsorbents can be binding to organic
acids (in large quantity in vinasse) (Seixas et al. 2016). The
anionic form of melanoidins could be adsorbed through elec-
trostatic interaction between carboxylic and amino groups
(Bai and Abraham 2002; Park et al. 2005; Sanchez-Galvan
et al. 2015).

By the thermogravimetric analysis (Fig. 4), the total mass
loss was 87.4%, 96.1%, and 97.3% for the commercial acti-
vated carbon, the sugarcane bagasse, and the peanut shell,
respectively. All the adsorbents were decomposed thermally
in three stages. The first stage, around 200 °C, corresponds
to the intrinsic and extrinsic water vaporization of the sam-
ples (Wu et al. 2012; Lins et al. 2020). The mass loss at this
stage was 10% for all three adsorbents.

The second stage corresponds to a large thermal decom-
position. For the sugarcane bagasse and the peanut shell, it
starts at 200 °C and finishes at 500 °C, and it refers to the
organic matter degradation. The two bands of DTG, that
comprehend the region with greater mass loss, are related
to hemicellulose, lignin, and cellulose degradation. The first
between 220 and 340 °C is considered the first hemicellulose
decomposition zone and the outset of cellulose decomposi-
tion. At this range, the mass loss was 44.1% for the sugar-
cane bagasse and 62.27% for the peanut shell. The second,
between 340 and 500 °C, may be related to lignin and cel-
lulose decomposition. The entire decomposition finishes
at 450 °C, and the volatile compounds and the remaining
residues are charred and released (Wu et al. 2012). At this
range, the mass loss was 41.62% for the sugarcane bagasse
and 25.08% for the peanut shell. In the third stage, from 500
to 900 °C, it occurs a small mass loss due to the eventual
carbonization of the residue, and a stable mass is noticed for
a time until the end of heating.

For the activated carbon, the decomposition range of cel-
lulose, hemicellulose, and lignin has only 10% mass loss,
corroborating with the FTIR analysis. The second stage for
this adsorbent is reported between 400 and 660 °C, and it
shows a mass loss of 76.3%. The commercial activated car-
bon exhibited thermal stability, and it started to be degraded
at larger temperatures than 400 °C. Likely, pyrolysis may
occur at this temperature.

Vinasse treatment by adsorption

The graphics of Fig. 5 display the organic load ratio (C/C)
during the vinasse treatment time using three adsorbents
at different concentrations (1, 2, and 3), as defined in item
2.3. This ratio is defined as the concentration of the organic
compound for a certain time (C) by the initial organic com-
pounds concentration (Cy). According to the data presented
in Fig. 5, assays using activated carbon presented higher
adsorption efficiency for the removal of organic matter than
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Fig.4 Adsorbents thermo-
grams: a commercial activated
carbon, b sugarcane bagasse, ¢
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the lignocellulosic adsorbents. Because carbon adsorbents
undergo physical and/or chemical activation processes, it is
noticed that the behavior of the curves for the commercial
activated carbon was similar for the three tested proportions
(125 gL7!, 250 g L', and 37.5 g L"), with increased
COD removal with increased adsorbent proportion.

Knowing that the initial COD (C,,) was 42,527.78 mg L
the COD values after 3 h and 48 h were similar and infe-
rior to the COD values obtained after 6, 12, and 24 h for
the commercial activated carbon, indicating organic mat-
ter variations during the adsorptive process until it reaches
equilibrium. Oscillations in the data and similar behaviors
of the curves were also observed in studies involving the
treatment of vinasse with different adsorbents from those
evaluated in this study (Caqueret et al. 2008; Hadavifar et al.
2016; Chingono et al. 2018). The highest organic matter
removal obtained was 63.88% after 48 h of adsorption using
37.5 g L™! (Fig. 5¢); on the other hand, removal efficiencies
of 58.14% and 57.48% were observed after 3 h of adsorption
using the proportion of 25.0 g L™! (Fig. 5b) and 37.5 g L™!
(Fig. 5¢), respectively.
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Regarding the lignocellulosic adsorbents, the peanut shell
exhibited a more efficient behavior in organic matter removal
than the sugarcane bagasse. The treatments with bioadsor-
bents of peanut shell presented a tendency to decrease the
COD during the adsorption process, showing efficiencies
of 50.94% (Fig. 5a), 45.74% (Fig. 5b) and 46.46% (Fig. 5¢)
during the 48 h of adsorption assays.

As for the treatments using sugarcane bagasse, the highest
removal efficiencies were also observed after 48-h reach-
ing values of 45.35% (Fig. 5a) and 44.75% (Fig. 5b). On
the other hand, the adsorption assays using concentration 3
(Fig. 5¢) exhibited low removal efficiency of approximately
17%. The inferior removal efficiencies observed for concen-
tration 3 (Fig. 5¢) can be associated with the low density pre-
sented by the bioadsorbents, thus occupying higher volumes,
which may difficult for mass transfer during the adsorption
process.

Although the studied adsorbents showed promising
potential in reducing the organic matter found in crude
vinasse effluent, it is worthy to notice that the residual
COD values after adsorption treatment are still relevant for
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Fig.5 COD behavior over time for vinasse treatment using adsor-
bents at: a concentration 1; b concentration 2, and ¢ concentration 3

all cases. For example, a concentration of residual organic
matter of approximately 15,000 mg L™! was observed at
the end of the adsorption process using activated carbon
under optimum operational conditions.

On the other hand, peanut shell and sugarcane bagasse,
without passing through any physical or chemical activa-
tion process, were able to remove significant quantities of
organic matter. Although the minimum requirements from
the environment legislation were not attained, the vinasse
treatment by bioadsorption can be turned technically pos-
sible when associated with a posterior treatment state, acting
as a pre-treatment.

In the investigation of the adsorption kinetics, it was
found that the pseudo-second-order model was the one that
best fit the data, with R? higher than 0.95. Table 3 shows
the R? values obtained for all kinetic models evaluated in
this work. As the pseudo-first-order, Elovich equation, and
intraparticle diffusion models had a low R?, their regressions
were not presented in this work. The regressions obtained
for the pseudo-second-order model are shown in Fig. 6, and
Table 4 demonstrates the values of adsorptive capacity in the
balance and constant of the pseudo-second-order adsorption
rate (g mg~! min™!).

It is verified that the adsorptive capacity in equilibrium
calculated by the pseudo-second-order model is higher, in all
adsorbent concentrations, for commercial activated carbon.
In fact, better performance of this adsorbent was expected
due to its larger surface area caused by thermal activation
(Caqueret et al. 2008, 2012; Daragon et al. 2014; Seixas
et al. 2016; Tasar and Ozer 2019). Meanwhile, the peanut
shell had better adsorptive capacity than sugarcane bagasse,
except at concentration 2. The peanut in natura presented
good prospects by the characterization and was proven by
its greater removal of COD from vinasse. The bagasse, even
with a low surface area, ensured a small but expressive per-
formance for a material without any treatment. This indi-
cates a great potential for use since both are residues of the
same industry and can apply it as a pre-treatment of vinasse,
with a possible increase in its calorific capacity.

A graph of pH behavior over time for the treatment of
vinasse with activated carbon and bioadsorbents in natura is
shown in Fig. 7. None of the treatments were able to approx-
imate the pH of the effluent to neutrality. This inefficiency
can be justified by the fact that both adsorbents present a
positive surface load when in contact with vinasse (pH 4.10)
and, due to this, are unable to adsorption H* ions, which are
responsible for the high acidity of vinasse. The treatments
with bioadsorbents practically did not alter the pH of the
effluent, while the treatments with activated carbon, even if
little, promoted an increase in the pH of vinasse of 3.56%
(concentration 1), 9.02% (concentration 2) and 13.66% (con-
centration 3). This difference occurs due to the difference
between the pHs of adsorbents, which are 4.85 for sugarcane
bagasse, 6.10 for peanut shell, and 8.67 for activated carbon.
The alkaline character of the commercial activated carbon
(as demonstrated before) was responsible for the slight
increase in the pH of vinasse, and the higher the amount of
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Table 3 Coefficient of

d nation (R) for th Adsorbent Pseudo-first-  Pseudo-sec- Elovich equation Intraparti-
.eter.mmatlon (R") for the order ond-order cle diffu-
kinetic models of pseudo- sion
first-order, pseudo-second-
order, El.ovlw(ljl. t;fqufitlo?, and 1-Commercial activated carbon 0.39 0.99 0.20 0.33
intraparticle diffusion for
partic . 1-Sugarcane bagasse 0.88 0.97 0.72 0.85
commercial activated carbon,
sugarcane bagasse, and 1-Peanut shell 0.63 0.98 0.86 0.90
peanut shell at three different 2-Commercial activated carbon 0.17 0.99 0.00018 0.033
concentrations 2-Sugarcane bagasse 0.87 0.97 0.76 0.83
2-Peanut shell 0.51 0.99 0.75 0.66
3-Commercial activated carbon 0.69 0.97 0.087 0.22
3-Sugarcane bagasse 0.11 0.96 0.022 0.053
3-Peanut shell 0.93 0.98 0.88 0.87
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Fig.6 1/q, versus ¢ plot for: a 1-commercial activated carbon; b 1-sugarcane bagasse; ¢ 1-peanut shell; d 2-commercial activated carbon; e 2-sug-
arcane bagasse; f 2-peanut shell; g 3-commercial activated carbon; h 3-sugarcane bagasse; i 3-peanut shell

adsorbent used, the higher the final pH (Bagreev et al. 2001;

Laszl6 et al. 2006; Huff and Lee 2016).

A graph of turbidity behavior over time for the treatment
of vinasse with activated carbon and bioadsorbents in natura
is shown in Fig. 8. It is observed that, in general, activated
carbon obtained better results for the removal of turbidity

@ Springer

from vinasse. In addition, the treatment with the bioadsor-

bents showed greater oscillation over time when compared

to the treatment with activated carbon.

For all treatments using the three adsorbents, most
of the results showed at least 50% of turbidity removal.
However, in only 3 treatments vinasse presented turbidity
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Table 4 Parameters of the second-order kinetic model for the adsorp-
tion of COD by the commercial activated carbon, sugarcane bagasse,
and peanut shell at three different concentrations

Adsorbent g.(mgg™) Kk, (gmg~ ! min~!) R?

1-Commercial activated 1716.15 4.84x107% 0.99
carbon

1-Sugarcane bagasse 1685.77 1.53x107% 0.97

1-Peanut shell 1798.56 2.65%107% 0.98

2-Commercial activated 972.95 1.10x107% 0.99
carbon

2-Sugarcane bagasse 862.52 2.70x107% 0.97

2-Peanut shell 796.62 1.21x107% 0.99

3-Commercial activated 740.08 6.80x107% 0.97
carbon

3-Sugarcane bagasse 225.85 2.90%10°% 0.96

3-Peanut shell 562.58 6.34%x107% 0.98

lower than 100 NTU, the maximum value allowed by
CONAMA Resolution n° 357/05, Brazil (CONAMA
2005). All these treatments were with activated carbon,
with a final turbidity of 20.3 NTU (concentration 1 with
48 h; 98.5% removal), 55.8 NTU (concentration 2 with
48 h; 96.0% removal) and 67.1 NTU (concentration 1 with
24 h; 95.2% removal). Among the treatments with pea-
nut shell, in general, the best results were obtained from
treatments with the concentration of adsorbent/effluent,
at times of 6, 24, and 48 h, which presented, respectively,
final turbidity of 195 NTU (86.0% removal), 176 NTU
(87.3% removal) and 206 NTU (85.2% removal). For sug-
arcane bagasse, the best removals occurred with 6 h for
concentrations 1 and 2 (91.4% and 85.1%, respectively)
and 48 h for concentration 3 (80.4%).

It is observed that, in general, the amount of adsorbent
directly influences the removal of turbidity, so a higher
adsorbent/effluent ratio allows obtaining lower turbidity
values at each given time (Seixas et al. 2016; Hadavi-
far et al. 2016; Petta et al. 2017). Time also had a great
influence on the removal process. After the solid/liquid
contact time of 3 h, the removal rate decreased tending to
remain constant after 24 h. This behavior was expected
because at the beginning of the adsorption process there
are a large number of free pores that decrease with the
time of the adsorption process. After a certain time,
adsorbent saturation occurs and the removal rate tends
to remain constant (Srivastava et al. 2006; Safari et al.
2018; Tasar and Ozer 2019). T. The values for sugarcane
bagasse in natura showed quite irregular data, mainly due
to its natural character, with low surface area, large pores,
and for not having performed any heat or chemical treat-
ment in it (Seixas et al. 2016).
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Fig.7 pH behavior over time for vinasse treatment using adsorbents
at: a concentration 1; b concentration 2, and ¢ concentration 3

Conclusion
Alternative adsorbents, such as agro-industrial residues,

have the potential to be used as a bioadsorbent for the
removal of organic matter found in different industrial
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Fig. 8 Turbidity behavior over time for vinasse treatment using adsor-
bents at: a concentration 1; b concentration 2, and ¢ concentration 3

effluents due to their high adsorption capacity. In this work,
sugarcane bagasse and peanut shell were tested for their abil-
ity to adsorb contaminants found in vinasse effluent. Accord-
ing to the obtained results, these were capable to remove
between 45 and 50% of the total organic matter, without any
previous physical and/or chemical activation. Commercial

@ Springer

activated carbon obtained better results for the removal of
turbidity from vinasse, but the efficiency of up to 87.3% and
91.4% were achieved with the peanut shell and sugarcane
bagasse, respectively. None of the treatments were able to
approximate the pH of the effluent to neutrality. The kinetic
model of pseudo-second-order was the best that adjusted
to the data. Further studies must be conducted to optimize
the operational conditions of the adsorption assays using
these renewable residues, aiming to elevate their removal
efficiency of organic matter.
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