Pre prints.org

Article Not peer-reviewed version

Upgrading/Deacidification of Biofuels
(Gasoline, Kerosene, and Diesel-like
Hydrocarbons) by Adsorption Using
Activated Red Mud-Based Adsorbents

Nélio Teixeira Machado * , Luiz Eduardo Pizarro Borges , Silvio Alex Pereira da Mota ,
and Andréia de Andrade Mancio da Mota

Posted Date: 17 October 2024
doi: 10.20944/preprints202410.1368.v1

Keywords: Adsorption; Distilled fractions; Bio-oil; Carboxylic acids; Oxygenated compounds

Preprints.org is a free multidiscipline platform providing preprint service that
“E is dedicated to making early versions of research outputs permanently
[=]

available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1467324
https://sciprofiles.com/profile/2304134
https://sciprofiles.com/profile/3069588

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2024 d0i:10.20944/preprints202410.1368.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Upgrading/Deacidification of Biofuels (Gasoline,
Kerosene, and Diesel-like Hydrocarbons) by
Adsorption Using Activated Red

Mud-Based Adsorbents

Nélio Teixeira Machado 12, Karen Marcela Barros da Costa 3; Silvio Alex Pereira da Mota ¢,
Luiz Eduardo Pizarro Borges 5 and Andréia de Andrade Mancio da Mota 4*

1 Graduate Program of Natural Resources Engineering of Amazon, Professional Campus-UFPA, Federal
University of Para, Rua Augusto Corréa N° 1, Belém-PA 66075-110, Brazil

2 Faculty of Sanitary and Environmental Engineering, Campus Profissional-UFPA, Universidade Federal do
Para, Rua Corréa N° 1, Belém-PA 66075-900, Brazil; Brazil

3 Graduate Program of Chemical Engineering, Campus Profissional-UFPA, Federal University of Para,
Rua Augusto Corréa N°1, Belém 66075-110, Brazil (K.M.B.C)

4 Laboratory of Processes and Transformation of Materials (LPTM), Faculty of Materials Engineering,
Federal University of Southern and Southeastern Para, Block 17, Block 4, Special Lot,
Maraba-PA 68505-080, Brazil

5 Laboratory of Catalyst Preparation and Catalytic Cracking, Section of Chemical Engineering-IME,

Praca General Tiburcio N°. 80, CEP: 22290-270 Rio de Janeiro, R]J, Brazil

Correspondence: andreia.ammota@gmail.com

Abstract: This study explored the adsorption of carboxylic acids, especially free fatty acids (FFA), present in
biofuel (distilled fractions of bio-oil such as gasoline-like hydrocarbons, kerosene-like hydro-carbons and
diesel-like hydrocarbons) using red mud-based adsorbents. The red mud was ther-mally activated (at 40 °C
and 600 °C) and chemically activated with HCl (0.25M, 1M, and 2M). Analytical techniques were used to
characterize the adsorbents' properties. At the same time, the study examined factors like feed type, adsorbents,
FFA content, adsorbent percentage, activation temperature, acid solution concentration and contact time to
assess adsorption efficiency. The characterization results indicated that chemical activation with 0.25M HCI
significantly in-creased the surface area to 84.3290 m?/g, surpassing thermally activated samples (35.2450 m?/g
at 400 °C). Adsorption experiments demonstrated that all chemically activated samples, with 5% adsorbent,
adsorbed over 2000 mg FFA per gram of adsorbent, with CARM - 1M HCI achieving 100% removal of acids
from gasoline-like hydrocarbons. Kinetic modeling showed that the pseudo-second-order model best
represented the adsorption data, as evidenced by high R? values and close agreement between experimental
and calculated ge values. Therefore, adsorption with chemically activated red mud efficiently deacidifies
biofuels, providing a cost-effective and promising approach for their upgrading.

Keywords: adsorption; distilled fractions; bio-o0il; carboxylic acids; oxygenated compounds

1. Introduction

In the current context, many emerging and developing economies' strategic energy and climate
objectives focus on decarbonization through three main axes. The first is clean electrification, with a
focus on expanding the share of electric vehicles and other forms of electrification supported by
renewable energy sources. The second axis covers improvements in energy efficiency, emphasizing
reducing CO:z emissions per unit of industrial production and per kilometer traveled in transport.
The third axis highlights the transition to low- or zero-carbon fuels, such as biofuels and other
renewable energies, promoting the progressive replacement of fossil fuels and accelerating the
mitigation of greenhouse gas emissions [1].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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In this context, pyrolysis, also known as thermal cracking, is one of the technologies capable of
converting biomass, whether it is based on lignocellulose or triglycerides, into biofuels and other
chemicals [2]. This process occurs at temperatures between 350 and 650 °C in the absence of oxygen
and, in some cases, in the presence of a catalyst, characterizing catalytic cracking [2—4]. The liquid
fraction resulting from pyrolysis is known as bio-oil. However, bio-oil's physical properties and
chemical composition vary according to the type of biomass used [2]. Given this diversity, this study
focuses on bio-oils and their distillate fractions derived from triacylglycerol-based biomass pyrolysis
due to their unique characteristics and potential to produce biofuels.

Bio-oil is a complex mixture of oxygenated compounds (aldehydes, ketones, carboxylic acids)
and hydrocarbons (linear paraffin, naphthenes, and olefins) [4-7], which correspond to the boiling
point range of many petroleum products, including the following fuels: gasoline, kerosene (jet fuel),
and diesel [6,7]. Generally, bio-oil is dark, varying between almost black, reddish brown, and dark
green [8]. However, its direct use as a substitute for fossil fuels faces significant barriers due to low
calorific value and high oxygen content, which result in instability, high corrosivity [3,9,10], and high
acid value (82.03 mg KOH/g on average) due to the presence of carboxylic acids formed by the
breakdown of triglycerides [2]. To be used as a fuel or in the production of value-added chemicals,
bio-oil needs to be processed, refined or upgraded [3,9-15], aiming to improve its properties and meet
established standards, especially about olefin content and acidity [2]. Although the complex
composition of bio-oil presents significant challenges for consolidating such procedures [2,12], its
refining/upgrading is feasible due to the development and application of specific separation
technologies and processes [9].

Several studies have reviewed technologies for improving bio-oil, including catalytic cracking,
hydrotreatment, esterification, and stabilizing its physical-chemical properties [16-18]. However,
there is a gap in the use of separation techniques for the fractionation/extraction of bio-oil, such as
supercritical fluid extraction, adsorption, membrane, electrosorption and ionic liquid extraction [9],
as well as methods such as column chromatography, distillation and solvent extraction [9,10,19],
which can provide efficient separation and contribute to the improvement of the quality of bio-oil
and its distillate fractions [10].

Distillation has stood out as a separation process that generates fractions based on oxygenated
compounds and hydrocarbons (which correspond to the boiling point range of gasoline, aviation
kerosene and diesel) with significantly higher quality than crude bio-oil. These distilled fractions
have lower water content, higher calorific value, and reduced oxygenated compounds [10]. This last
aspect contributes to obtaining fractions with lower acidity than the original bio-oil [20,21]. This way,
distillation results in biofuels with improved physical, chemical, and compositional properties
[21,22].

However, even showing a significant improvement, the distilled fractions, therefore, the
biofuels, still have a considerable content of oxygenated compounds, reflected in their acid values
[21]. Thus, oxygenated compounds, especially carboxylic acids, in the form of free fatty acids (FFA),
must be removed or reduced from the distilled fractions to avoid or reduce the abovementioned
problems. In such a way, an upgrade aimed at deacidifying distilled fractions of bio-oil becomes of
great importance.

As previously reported, separation techniques can provide efficient separation and contribute
to upgrading bio-oil and its distillate fractions [9,10]. In such a way, adsorption is one of the
separation techniques that have the potential to deacidify bio-oil and its distillate fractions [23-28].
Although it is possible to find studies on the upgrading of bio-oil through adsorption, which has
targeted different adsorbates [9] such as water [9,29] and organic compounds [9,23,30,31], among
others [9,27], the truth is that few studies, such as those carried out by Li et al. [32] and Church et al.
[25] have realized the potential and possibility of such an application. In addition to the application
of adsorption as a technique for separating carboxylic acids in bio-oils and their distillate fractions, it
is important to highlight that it has been applied to deacidify petroleum fractions [33,34], fats [35]
and vegetable oils [36] and other types of biofuels such as biodiesel [37], using different adsorbents
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such as commercial adsorbents (clay and activated alumina) [34], diatomaceous earth, activated
carbon and silica [37], ion exchange resins [35,36], to name a few.

Li et al. [32] investigated the adsorptive capacity, selectivity and mechanism of three adsorbents
(Cu-zeolite Y, silica gel and activated carbon) for the removal of nitrogen-containing compounds
from bio-oils derived from microalgae pyrolysis. This study found that the adsorption capacity and
selectivity are high for activated carbon for nitrogenous and acid compounds (hexadecanoic acid).
Therefore, activated carbon is a promising adsorbent for removing nitrogenous and oxygenated
compounds from microalgae bio-oil. Church et al. [25] have developed a new adsorption separation
process to selectively remove molecules from real bio-oils using zeolitic molecular sieves and
polymeric resins as adsorbents. The two adsorbents proved effective in reducing the carbonyl content
and the number of carboxylic acids, which increases the stability of the bio-oil and protects the
catalyst in subsequent processing steps. Therefore, these two studies demonstrate that adsorption
efficiently removes oxygenated compounds, especially acids, from bio-oil.

In this context, the main objective of this study is to investigate the adsorption of oxygenated
compounds, such as carboxylic acids, especially free fatty acids (FFA), present in distilled fractions
of bio-oils (biofuels), using red mud-based adsorbents. The focus is on deacidifying biofuels classified
as gasoline-like hydrocarbons, kerosene-like hydrocarbons and diesel-like hydrocarbons, applying
adsorption as a separation method. The specific objectives include: (1) to evaluate the efficiency of
deacidification by adsorption, considering variables such as type of feed, adsorbents, FFA content,
adsorbent percentage, activation temperature, concentration of the chemical activation solution and
contact time; and (2) to analyze the performance of activated red mud (thermally and chemically) as
an adsorbent in the biofuel deacidification process.

2. Materials and Methods

2.1. Characterization of the Feedstock

The main objective of the present study is to investigate the adsorption of oxygenated
compounds, more specifically, carboxylic acids in the form of free fatty acids present in different
sections of distilled fractions of real bio-oils, using red mud-based adsorbents. Therefore, all distillate
fractions employed in this study come from the fractional distillation of bio-oils produced from crude
palm oil's catalytic thermal cracking, as described by Mancio et al. [21]. In addition, the content of
free fatty acids present in the distilled bio-oil fractions was associated with the total acid number
(NAT), which was determined according to the ASTM D974 standard method.

2.2. Preparation of the Adsorbent

Fresh red mud, a residue of the Bayer Process and supplied by HYDRO ALUNORTE S.A
(Barcarena-Para-Brazil), was the starting material to synthesize the following adsorbents evaluated
in this study: (1) Thermally activated red mud at 400 °C; (2) Thermally activated red mud at 600 °C;
(3) Chemically activated red mud with 0.25M HCI; (4) Chemically activated red mud with 1M HCl
and (5) Chemically activated red mud with 2M HCI. Therefore, to synthesize five adsorbents, a red
mud drying step was initially carried out at 110 °C for 24 h. Then, approximately 2 kg of dry red mud
was subjected to a disaggregation step in a ball mill for 30 minutes. Subsequently, the dry and
disaggregated red mud proceeded to thermal and chemical activation steps, as described in the
subsections below.

2.2.1. Thermal Activation of Red Mud

About 750 g of dry and disaggregated red mud was subjected to thermal activation in an electric
furnace at 400 °C for 4 h and a heating rate of 5 °C/min, obtaining the red mud at the end of this stage
thermally activated at 400 °C. The same procedure was performed to obtain the thermally activated
red mud at 600 °C.

2.2.2. Chemical Activation of Red Mud
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For the chemical activation of red mud by hydrochloric acid (HCI), portions containing 50 g of
dry red mud were separated. Each portion was mixed with a solution of HCI at concentrations of
0.25, 1 and 2M in a ratio of 1:20 (g of red mud/ml of HCl solution) in 2 L beakers. The mixtures (red
mud + HCl solution) were subjected to constant stirring for 2 h, followed by a centrifugation step at
3000 rpm for 20 minutes in an electronic centrifuge (Brand: Sigma Laboratory Centrifuges; Model: 6-
15H) with digital display. The supernatant was removed, and the remaining red mud was filtered
with a vacuum pump and then washed with distilled water, repeating the process more than once.
The remaining red mud was then dried in an oven at 105 °C for 12 h.

2.3. Characterization of Adsorbents

This study presents the detailed characterization of the adsorbents developed for removing
oxygenated compounds in different sections of distilled fractions of real bio-oils. The characterization
was carried out using a series of analytical techniques to determine the adsorbents' physical, chemical
and thermal properties.

2.3.1. Scanning Electron Microscopy (SEM) - Energy Dispersive X-ray Analysis (EDX)

Scanning electron microscopy (SEM) was used to observe the surface morphology of the
adsorbents at various magnification ranges. The morphology of the adsorbents was analyzed using
a scanning electron microscope (Hitachi TM3000) coupled to an EDX spectrometer (Oxford
Instruments SwiftED 3000), with a resolution of 30 nm, magnification from 15x to 30,000 and tungsten
source. A small powder sample was mounted on a 10 mm diameter aluminum bracket using carbon
tape and analyzed at 15 kV, 1750 mA, 30-second reading, and under controlled vacuum.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was used to identify the functional groups
present on the surface of the adsorbents. The absorption spectra in the infrared region of the
adsorbents were obtained through a spectrometer (Shimadzu, Model: Prestige 21) in the region of
4000 to 400 cm-1. In order to perform the analysis, approximately 0.03 g of adsorbent was macerated
with approximately 0.1 g of KBr (spectroscopic grade). After macerating and homogenizing, the
adsorbent samples were compressed with the aid of pastilles. Then, the formed pellets were analyzed.

2.3.3. X-ray Diffusion

X-ray diffraction (XRD) was used to determine the crystal structure of the adsorbents. The X-ray
diffractograms were obtained in the range of 20 from 10° to 90°, with a step of 0.05° and a time per
step of 4 s, using the PANalytical XPert PRO equipment. The instrument was equipped with a copper
tube (Cu), Kal= 1.54056 A, voltage of 40 kV, current of 40 mA, incident and divergent slit of 1°, and
programmable slit of 3 mm.

2.3.4. Surface and Textural Characterization

The specific surface area, pore volume and pore diameter of all adsorbents were determined
with the aid of an equipment (Micromeritics, Model: ASAP 2420) for analysis of adsorption-
desorption isotherms of a known volume of liquid nitrogen at a temperature of —-196 °C, under
conditions of equilibrium pressure. Before the analysis, a pre-treatment stage was carried out, in
which approximately 0.3 g of sample was degassed at 150 °C under vacuum for 12 h. The specific
surface area was determined by the BET technique (Brunauer-Emmett-Teller). The mean pore size
distribution and total pore volume were determined by the BJH (Barrett-Joyner-Halenda) and t-plot
methods, respectively.

2.3.5. Thermal Analysis
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The thermal degradation of adsorbents was analyzed through Thermogravimetric Analysis
(TGA) and Differential Thermal Analysis (DTA) using thermogravimetric equipment coupled with a
simultaneous thermal analyzer, as detailed by Mota et al. [22]. The experiment was conducted in a
vertical cylindrical furnace with a thermal microbalance and a Proportional-Integral-Derivative (PID)
temperature control, allowing the measurement of sample weight as a function of temperature within
the range of 20-1000 °C and heat flux between 5 and 200 °C/min. The samples, approximately 10 mg,
were weighed using an analytical balance and placed in alumina crucibles. The temperature program
was set between 30-1000 °C with a heat flux of 10 °C/min.

2.4. Experimental Procedure for the Adsorption of Carboxylic Acids

The experimental procedure of the deacidification process of distilled fractions of bio-oil by
adsorption was carried out evaluating the following variables: (1) type of feed; (2) adsorbents; (3)
content of free fatty acids in the diet; (4) adsorbent percentage; (5) activation temperature; (6)
concentration of the chemical activation solution and (7) contact time, which are described in more
detail in the sections below.

2.4.1. Effect of the Type of Feedstock

In order to evaluate the effect of the type of feedstock on the process of deacidification by
adsorption, three different distillate fractions based on the cut-off temperature range (boiling point)
of petroleum products and with similar TAN values were used, namely:

e  gasoline-like hydrocarbons (cut-off temperature range: 90-160 °C; TAN = 1.56 mg KOH/g)
e kerosene-like hydrocarbons (cut-off temperature range: 160-245 °C; TAN=1.59 mg KOH/g)
e  diesel-like hydrocarbons (cut-off temperature range: 245-340 °C; TAN = 1.55 mg KOH/g)

2.4.2. Effect of the Adsorbent

In order to evaluate the effect of the adsorbents on the adsorption deacidification process, five
red mud-based adsorbents were synthesized, as described in Section 2.2.

2.4.3. Effect of Free Fatty Acid Content on Feedstock

In order to evaluate the effect of the content of free fatty acids, indicated by the value of TAN,
present in the feed on the process of deacidification by adsorption, three distilled fractions were
selected in the cut-off temperature range of 160-245 °C with different values of TAN, that is, different
contents of free fatty acids, they are kerosene-like hydrocarbons 1 (TAN =1.59 mg KOH/g), kerosene-
like hydrocarbons 2 (TAN = 33.67 mg KOH/g) and kerosene-like hydrocarbons 3 (TAN = 84.40 mg
KOH/g).

2.4.4. Effect of Adsorbent Amount

In order to evaluate the effect of the amount of adsorbent on the adsorption deacidification
process, four percentages of adsorbents were tested: 0.5%, 1%, 1.5% and 2%, concerning the feedstock
mass. The distillate fraction, corresponding to the cut-off temperature range between 90-160°C,
equivalent to gasoline-like hydrocarbons with a TAN of 4 mg KOH/g, was used as feed for the
experiment.

2.4.5. Effect of Activation Temperature

The red mud was subjected to a thermal activation process at two controlled temperatures, 400
°C and 600 °C, to evaluate the effect of the activation temperature on the efficiency in the
deacidification of the distilled fractions. The activated material in each thermal condition was then
used as an adsorbent in the deacidification process, being carefully analyzed for its ability to remove
carboxylic acids from the distilled fractions, allowing a comparative evaluation of the performance
of the adsorbents as a function of the activation temperature.
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2.4.6. Effect of Acid Solution Concentration

The red mud was subjected to chemical activation using hydrochloric acid (HCl) solutions in
three concentrations: 0.25 M, 1 M and 2 M. The objective was to investigate the effect of the
concentration of the activating agent on the efficiency of the deacidification process of the distilled
fractions. After activation, the material was washed, dried, and characterized before being applied as
an adsorbent. The deacidification capacity of the fractions was evaluated comparatively for each HCI
concentration. Then, it is possible to identify the influence of acid concentration on the adsorbent's
performance.

2.4.7. Adsorption Kinetics

The kinetics of free fatty acid adsorption are represented by the relative amount of free fatty
acids adsorbed over time. From the kinetic data, obtaining the contact time necessary to achieve the
adsorption equilibrium of the free fatty acids is possible.

The kinetics of adsorption of free fatty acids present in distilled fractions with different total acid
numbers (TAN) were carried out in agitated tanks as follows: in closed 250 mL Erlenmeyer flasks,
the controlled and predetermined temperature containing around 10 g of feed (distilled fractions)
was added the amount of adsorbent required and pre-established for each run of experiments. Then,
the flasks were subjected to constant orbital agitation (160 rpm) on a shaker table at room temperature
(27+0.5 °C) for 60 min. Subsequently, the vials were removed from the shaker table at predetermined
times, and the contents were immediately filtered through the Whatman No. 1 filter paper. The liquid
phase (filtrate) was analyzed, and the TAN was determined by titration according to the ASTM D974
standard method.

The adsorption deacidification efficiency and adsorption capacity of the adsorbents were
evaluated using Egs. 1 and 2, respectively.

%) = TAN, — TAN 100 1
) = e M)
TAN, — TAN) x MM
( 0 56) FFA] X mpp 2
q =
¢ Myps

where, 1) is the deacidification efficiency of fractions distilled by adsorption, and , TAN, e TAN is
the total acid number of the fraction distilled before and after adsorption, respectively, g, is the
adsorption capacity at any time (t), i.e., the mass amount of free fatty acids adsorbed per gram of
adsorbent at any time (t), mpy is the mass of the distilled fraction used, myps is the adsorbent mass
used in each run of the experiments and MMy, is the average molecular weight referring to the free
fatty acids present in the distilled fractions.

In order to quantify the amount by mass of adsorbed fatty acids per gram of adsorbent used, it
was considered that all distillate fractions used in the present work are constituted by the following
mixture of fatty acids: capric acid, myristic acid, palmitic acid, stearic acid and oleic acid. This acid
mixture was considered a function of the results obtained by GC-MS for several distillate fractions of
bio-oil, as reported by Mancio et al. [21]. According to these results, these acids are the carboxylic
acids present in all distillate fractions analyzed and in relatively large quantities compared to other
acids.

2.5. Kinetic Modeling

This study applied pseudo-first-order and pseudo-second-order kinetic models to evaluate the
kinetics of free fatty acid (FFA) adsorption in five red mud-based adsorbents. The linear kinetic
equations used were as follows:

1. Pseudo-first order:
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log(q. — q) = logq, — ﬁt 3)

2. Pseudo-second order:

t 1 + t

A k202 qe
where g.and g.represent the amounts (mg/g) of free fatty acids adsorbed at equilibrium and at one
time t (min), respectively; k;(min~') and k, (g-mg™'-min™') are the first- and second-order
adsorption rate constants, respectively. The kinetic constants were calculated for each model, and the
linear correlation coefficients (R?) were compared to determining the best fit.

The pseudo-first-order model describes adsorption as a process controlled by the transfer of
mass to the surface sites of the adsorbent, with a rapid initial rate that decreases to equilibrium [38].
The pseudo-second-order model, on the other hand, indicates that adsorption is controlled by
chemical reactions at the active sites of the adsorbent and is applied when there are significant
chemical interactions between the solute and the adsorbent [39]. The parameters k; and g, for the
pseudo-first-order model were obtained from the log (g, — q;) versus t (min) graph, while the
parameters k, and g, for the pseudo-second-order model were derived from the graph of t/q , as

(4)

a function of t.
3. Results
3.1. Characterization of Adsorbents

3.3.1. Scanning Electron Microscopy (SEM) - Energy Dispersive X-ray Analysis (EDX)

Figure 1 presents the micrographs obtained by Scanning Electron Microscopy (SEM) for the
different samples of red mud-based adsorbents: Red Mud (without activation) (Figure 1(a)), TARM
at 400 °C (Figure 1(b)), TARM at 600 °C (Figure 1(c)), CARM - 0.25M HCl (Figure 1(d)) and CARM -
2M HCI (Figure 1(e)). The analysis of these images reveals particle clusters in all samples, suggesting
a heterogeneous particulate structure characteristic of red mud-based materials, as reported by
Antunes et al. [40]. It is observed that, for the magnification used, both thermal and chemical
activations did not result in visible morphological changes in the treated samples (Figures 1(b)-(e)),
compared to the original red mud (Figure 19a)), corroborating the findings of Antunes et al. [40] for
thermal activation. However, Figures 1(d) and 1(e), which show the HCl-activated samples, suggest
features such as spherical particle formation and greater connectivity between the pores, consistent
with the observations of Fang et al. [41]. According to Fang et al. [41], these modifications provide a
larger specific surface area, with more reactive sites, which contributes to the improvement in the
adsorption efficiency of the material.

3.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 2 shows the FTIR spectra of red mud-based adsorbents (Red Mud, TARM at 400 °C,
TARM at 600 °C, CARM - 0.25M HCl, CARM - 1M HCl and CARM - 2M HCl), revealing the presence
of different metal oxides, such as Fe,Os, AL,O;, SiO,, CaO, Na,O and TiO,. The detected peak around
3440 cm™ is attributed to the stretching vibrations of the hydroxyl groups in adsorbed water and the
OH metal groups, present in all samples, in agreement with the results of Fang et al. [41].
Additionally, the band around 1630 cm™ confirms the presence of H,O molecules bound to the
alumine silicate structure in the non-activated red mud and its modified forms, reinforcing similar
observations in the literature.

The FTIR spectra analysis shows that the red mud's thermal activation at 400 °C and 600 °C did
not cause significant changes in the functional groups. The prominent bands, such as the 3440 cm™,
corresponding to the vibrations of the hydroxyl groups, and the 995 cm™, associated with the Si(Al)-
O vibrations, remained unchanged. These results suggest that mineral phases, such as sodalite and
silica [42], did not undergo structural modifications with heat treatment. Therefore, under the
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conditions evaluated, the thermal activation did not substantially alter the chemical composition of
the red mud, preserving the characteristics of the aluminosilicates and iron oxides of the original
sample.

HL D65 x1.0k 100um
FEMAT - UNIFESSPA

HL D72 x1.0k 100 um HL D58 x1.0k 100um
FEMAT - UNIFESSPA FEMAT - UNIFESSPA

HL D57 x1.0k 100 um HL D59 x1.0k 100um
FEMAT - UNIFESSPA FEMAT - UNIFESSPA

Figure 1. SEM images of red mud-based adsorbents: (a) Red Mud, (b) TARM at 400 °C, (c) TARM at
600 °C, (d) CARM - 0.25M HCl and (e¢) CARM - 2M HCL

The main band at 995 cm™, corresponding to the Si(Al)-O stretch vibrations, characteristic of
sodalite [42], shows a significant reduction after activation with HCI, indicating the partial
dissolution of this aluminosilicate phase, as also observed by Fang et al. [41]. This decrease is
accompanied by a new peak at 1018 cm™, attributed to dissolved silicates, suggesting the formation
of new silica structures [43]. Small bands at 617 and 455 cm™ suggest that, despite the partial
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dissolution, there is still a residual preservation of the Si-O-Al bonds, pointing to the remaining
presence of sodalite in the modified structure [44]. Finally, the relative increase in the band by 547
cm™ in HCl-activated materials indicates a greater contribution of Fe-O vibrations [41]. These results
indicate that chemical activation with HCI alters adsorbents' chemical composition and pore
structure, enhancing their functionality for adsorption applications. These results corroborate the
data obtained by X-ray diffraction analysis, which indicates changes in the mineral and oxide phases
after the chemical activation of the adsorbents.
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Figure 2. FTIR spectrum of red mud-based adsorbents.

3.3.3. X-ray Diffusion (XRD)

Figure 3 presents the X-ray diffractograms of the red mud-based adsorbent samples (Red Mud,
TARM at 400 °C, TARM at 600 °C, CARM - 0.25M HCl, CARM - 1M HCl and CARM - 2M HCI),
allowing a detailed analysis of the structural changes in the crystalline phases of the red mud after
thermal and chemical activations. Red Mud has several crystalline phases, such as hematite (Fe,Os),
Goethite FeO(OH), gibbsite (Al(OH)s), quartz (SiO,), calcite (CaCO;z;) and sodalite
Nar.s8(AlsSisO24)(COs)o3, consistent with the results obtained by Antunes et al. [40], Fang et al. [41]
and Almeida et al. [45]. These compounds are indicated by characteristic peaks, such as those of
hematite (PDF 01-079-0007) at 20 = 33°, 35.7° and 54°, which are intense and dominant in the original
red mud.

The thermal activation of the red mud at 400 °C and 600 °C (TARM at 400 °C and TARM at 600
°C, respectively) promoted the decomposition of some less stable phases, such as gibbsite (PDF 01-
074-1775) and goethite (PDF 01-081-0464), as indicated by the disappearance of the peaks at 20 =18.3°
and 20 =21.34°. These results suggest that thermal activation at these temperatures was sufficient to
cause relaxation or interatomic distancing in the crystal structure of the gibbsite. On the other hand,
the more stable phases, such as hematite (PDF 01-079-0007) and quartz (PDF 00-051-1377), remained
unchanged, confirming these phases' high stability at elevated temperatures. The absence of
significant new phases in X-ray diffractograms (XRD) after thermal activation suggests that, under
the conditions studied (400 °C and 600 °C), the changes were limited to the loss of phases with low
thermal stability. In contrast, the main mineral phases remained preserved. These results agree with
those obtained by Antunes et al. [40].
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The chemical activation of red mud with different concentrations of HCI (0.25 M, 1 M and 2 M),
designated as CARM - 0.25M HCl, CARM - 1M HCI and CARM - 2M H(], respectively, promoted
significant changes in the crystalline phases, as evidenced by the X-ray diffractograms presented in
Figure 3. The main alteration was the partial dissolution of unstable mineralogical phases in acid
medium, such as sodalite (PDF 01-089-9098) and calcite (PDF 00-001-0837), indicated by the sharp
reduction in the intensity of the peaks around 20 = 13.89° and 20 = 24.20°, which correspond to their
structural vibrations. These changes were more pronounced in samples treated with higher
concentrations of HCI (1 M and 2 M), suggesting that increasing acid concentration intensifies the
removal of these phases. According to Almeida et al. [45], this behavior is attributed to the acid
digestion process, which confirms the dissolution of these phases.
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Figure 3. XRD patterns of red mud-based adsorbents.

On the other hand, HCI treatment did not affect the hematite structure, as shown by the
preservation of the characteristic peaks at 20 = 33°, 35.7° and 54° in all activated samples. This result
indicates that hematite resists acid attack and remains the dominant phase after chemical treatment.
In addition, a slight increase in the intensity of the gibbsite peak was observed, which may be related
to the partial dissolution of sodalite and subsequent formation of aluminum hydroxides, as suggested
by Almeida et al. [45] and Kurtoglu et al. [46].

Therefore, the results presented in Figure 3 suggest that chemical activation was more efficient
in modifying the crystalline phases of the red mud for adsorption applications. This process increased
the material's porosity, as confirmed in Section 3.3.4, which addresses the surface and textural
characterization of adsorbents, making the red mud more suitable for use as an adsorbent.

3.3.4. Surface and Textural Characterization

The nitrogen adsorption and desorption isotherms and pore volume distribution curves in red
mud plus five red mud-based adsorbents (Red Mud, TARM at 400 °C, TARM at 600 °C, CARM -
0.25M HCl, CARM - IM HCl and CARM - 2M HC(I) are shown in Figure 4. Figure 4(a) shows that all
samples of red mud-based adsorbents presented type IV isotherms, according to the IUPAC
classification, which is characteristic of mesoporous materials (20-500 A). This type of isotherm
corresponds to the complete formation of monolayers and the beginning of multilayer formation,
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with subsequent capillary condensation and hysteresis loops [47]. The interfacial geometry during
desorption differs from adsorption due to pressure variations during meniscus evaporation and
vapor saturation pressure. This difference results in distinct curves for desorption and adsorption
[48]. In addition, the hysteresis loops observed for the original red mud and the activated red mud
are of the H3 type, suggesting crevice-shaped pores, as occurs in materials with plate-like particle
aggregates, as reported by Almeida et al. [45] and Thommes et al. [47].

According to Figure 4(a), in thermal activation (TARM at 400 °C and 600 °C), hysteresis loops
reveal the presence of mesopores, although less markedly compared to chemically activated samples.
In the chemically activated HCI samples (CARM - 0.25M HCl, CARM - 1M HCl and CARM - 2M
HCI), the most prominent hysteresis loop was observed for the CARM - 0.25M HCl sample, indicating
a higher amount of mesopores. This result is in line with what was reported by Fang et al. [41] for red
mud activated with HCl, compared to the original red mud.

From Figure 4(b), it can be observed that all samples have pores in the mesopores range, with
diameters ranging from 20 to 500 A. The chemically activated samples with acid (CARM) and
thermally activated (TARM) stand out for presenting a significant increase in the volume of
mesopores compared to the original red mud (Red Mud). More specifically, the mesopores are
densely distributed in the 20-90 A range, reflecting on the mean pore diameter shown in Table 1. As
highlighted by Suzuki [49], mesopores with diameters between 20-500 A are crucial for the
adsorption of larger molecules, such as organic acids, since the efficiency of the adsorbent is related
to the correspondence between the size of the pores and the adsorbed molecules. These characteristics
suggest an improvement in the adsorptive performance of red mud-based adsorbents subjected to
activation, making them potentially more effective in capturing molecules such as fatty acids, the
object of study in this work.
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Figure 4. (a) N2 adsorption-desorption isotherms of red mud-based adsorbents; (b) pore size
distribution curves of red mud-based adsorbents.

Table 1 presents the results of the textural analysis of the adsorbents used in the present study.
The surface area of Red Mud, without any activation, is 29.7024 m?/g. Sushil and Batra [50] report
that the BET area of red mud usually varies between 20 and 30 m?/g, confirming the consistency of
the results with the literature. Table 1 also shows the evolution of the specific surface area with the
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increase in the activation temperature of the red mud. Activation at 400 °C results in an increase in
specific surface area compared to Red Mud. However, activation at 600 °C reduces the surface area
to a lower value than Red Mud. Liu et al. [51] observed that the thermal activation of red mud at
various temperatures (100-1000 °C) reaches the highest surface area value at 400 °C, corroborating
the results of this study.

The increase in the surface area of the red mud can be explained by the gradual release of water
from the zeolitic structure present in the material. According to Garcia [52], this water contained in
the pores of the zeolite begins to evaporate from 200 °C and continues to be released with the increase
in temperature. Complete water elimination occurs at 400 °C, which maximizes surface area by
releasing all pores from the zeolites. However, from temperatures above 400 °C, the growth of
particles begins to occur, which reduces the surface area, justifying the decrease observed at 600 °C

[52].
Table 1. Textural properties of adsorbents.
.. Volume of mesopores  Average pore diameter
Specific area (BET) (BJH desorpticI))n) (B]Ig{ cisorption)
m2/g cm3/g A
Red Mud 29.7024 0.075554 78.099
TARM at 400 °C 35.2450 0.060928 58.565
TARM at 600 °C 16.0152 0.037911 68.464
CARM - 0.25M HCl 84.3290 0.120262 65.597
CARM - 1M HCl 45.9749 0.093173 79.569
CARM - 2M HCl 43.1754 0.096185 89.011

As for chemical activation, there was a significant increase in the specific area (BET) of the
chemically activated sample with HCl at 0.25M (CARM - 0.25M), which reached the highest value
(84.33 m?/g), which suggests that this concentration is efficient in removing mineral impurities and
unclogging pores, as reported by Almeida et al. [45]. However, higher concentrations of HCI (1M and
2M) decrease surface area, showing that an excessively acidic activation can promote the collapse of
the porous structure. In terms of mesopore volume, the CARM - 0.25M sample also stands out with
the highest value (0.1203 cm®g), reinforcing the efficiency of this concentration in creating
mesopores.

From the analysis of the evolution of the specific surface area of the adsorbents concerning
thermal and chemical activations, it was concluded that chemical activation with 0.25 M HCI was the
most effective to improve this property in red mud. This treatment resulted in a surface area of
84.3290 m?/g, within the range of commercial adsorbents, such as polymeric adsorbents (80-700
m?/g). This result highlights the potential of red mud activated with 0.25M HCI, specifically CARM
- 0.25M HC], as a promising material for the adsorption of free fatty acids due to its optimized
textural properties.

2.3.5. Thermal Analysis

The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves of the red
mud sample and red mud-based adsorbents are illustrated in Figures 5(a) and 5(b), respectively. In
Figure 5(a), the original red mud exhibited a mass loss of (7.5%) between 80 °C and 400 °C, with most
of this loss related to the evaporation of chemically bound water. In comparison, the samples
thermally activated at 400 °C and 600 °C showed a lower mass loss than the original red mud, of 4.5%
and 3.5%, respectively, indicating greater thermal stability. The DTA analysis (Figure 5(b)) confirms
this surface and crystalline water removal phenomenon, which shows the exothermic reaction in the
range of 200 °C to 400 °C. Furthermore, due to physically adsorbed water, the mass loss between 80°C
and 100°C was minimal, with approximately 1.0% of the total weight. Still analyzing the first stage
of mass loss for the chemically activated samples, a similar behavior is observed with the original red
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mud, with mass losses equal to 8.0% and 10% for the CARM 0.25M HCI and CARM 2M HCl samples,
respectively.

In the second stage of sample decomposition, corresponding to the range of 400°C and 600°C, a
tendency for mass loss is observed on a larger scale for the chemically activated samples, with the
lowest mass reached for the CARM 0.25M HCl sample, approximately 11% loss, and 9.0% for the
CARM 2M HCI sample. In contrast, the thermally activated red mud samples maintained a lower
mass loss, reaching 6.5% and 5% for the TARM samples at 400 °C and TARM at 600 °C.

In the third stage of sample decomposition, corresponding to the range of 600 °C and 1000 °C,
mass loss trends were maintained, with one change, which corresponds to the change in gradient
between the original red mud and the CARM 2M H(], indicating that, when chemically activating
the red mud, it becomes more vulnerable to thermal degradation, reaching approximately 12% mass
loss for the CARM 0.25M HCI sample.

100 20
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~ 964
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Figure 5. Thermal analysis curves of red mud-based adsorbents.
3.2. Adsorption Kinetics and Kinetic Modeling

3.2.1. Thermally Activated Red Mud

Figure 6 shows the results of the adsorption kinetics experiments in thermally activated red mud
at 400 °C (TARM at 400 °C) and 600 °C (TARM at 600 °C). Such experiments were performed for three
initial concentrations of carboxylic acids in kerosene-like hydrocarbons, indicated by the following
values of TAN: 1.59 mg KOH/g, 33.67 mg KOH/g and 84.40 mg KOH/g.

Figures 6(a) and 6(b) show the decrease in TAN over time with TARM at 400 °C and TARM at
600 °C, respectively. The reduction in TAN is similar for both adsorbents, except for the fraction with
TAN = 33.67 mg KOH/g, where TARM at 400 °C showed a slightly more significant reduction,
resulting in a lower final TAN.
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Figure 6. Adsorption kinetics of carboxylic acids on three kerosene-like hydrocarbons fractions using
thermally activated red mud: (a) and (b) TAN values, using TARM at 400 °C and 600 °C, respectively;
(c) and (d) percentage of carboxylic acids removed, using TARM at 400 °C and 600 °C, respectively;
(e) and (f) adsorption capacity, using TARM at 400 °C and 600 °C, respectively.

Figures 6(c) and 6(d) show the percentage of carboxylic acid removal over time using TARM at
400 °C and TARM at 600 °C, respectively. The removal efficiency is higher for the fraction with TAN
=1.59 mg KOH/g, achieving 100% removal in 20 minutes with TARM at 400 °C. For the fractions
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with TAN = 33.67 mg KOH/g and TAN = 84.40 mg KOH/g, the removal is significantly lower, not
exceeding 20% and 5%, respectively, suggesting that higher initial concentrations hinder the
adsorption process, especially for TARM at 600 °C.

Figures 6(e) and 6(f) illustrate the adsorption capacity for TARM at 400 °C and TARM at 600 °C,
respectively. The results reveal that the time required to reach equilibrium, approximately 20
minutes, was similar in both cases, regardless of the TAN value of the kerosene-like hydrocarbon
fractions. This result indicates that the thermal activation temperature did not significantly influence
the time required to reach adsorbent saturation. In addition, the adsorption capacity at equilibrium
was influenced by the initial concentration of carboxylic acids. The increase in TAN from 1.59 mg
KOH/g to 33.67 mg KOH/g resulted in higher adsorption capacity for both adsorbents. However, a
further increase to 84.40 mg KOH/g reduced the adsorption capacity, suggesting that higher initial
concentrations negatively affect the adsorption process. Asheh et al. [53] suggest that higher
concentrations of adsorbate increase driving force, facilitating mass transfer, a behavior also reported
by Li et al. [24], Silva et al. [33], Jean Baptiste et al. [54] and Lopez-Velandia et al. [55].

The experimental adsorption capacity with TARM at 400 °C was approximately 138 mg/g, 539
mg/g and 286 mg/g for the fractions with TAN = 1.59 mg KOH/g, 33.67 mg KOH/g and 84.40 mg
KOH/g, respectively. The values of TARM at 600 °C were 127 mg/g, 395 mg/g and 307 mg/g,
respectively. The adsorption capacity for the fractions with TAN = 1.59 mg KOH/g and 33.67 mg
KOH/g was higher with TARM at 400 °C, indicating its better properties as an adsorbent, due to the
larger surface area of this material, as described in Section 3.3.4.

Therefore, Figures 6(a)-6(f) reveal that the initial acid concentration and the activation
temperature of the mud strongly influence carboxylic acid removal and adsorption capacity in
thermally activated red mud. TARM at 400 °C has slightly higher performance than TARM at 600 °C,
particularly for the fraction with TAN = 33.67 mg KOH/g, reinforcing the importance of optimizing
the thermal activation of adsorbents to maximize acid removal efficiency.

The experimental results in Figures 6(e) and 6(f) were adjusted using linear regression for the
pseudo-first-order and pseudo-second-order kinetic models, as described in Section 2.5. Figure 7
illustrates these adjustments for the activated red mud samples at 400 °C and 600 °C, comparing the
kinetic behavior in different fractions of kerosene-like hydrocarbons with TAN values of 1.59, 33.67
and 84.40 mg KOH/g. In addition, Table 2 presents the parameters calculated for both kinetic models
based on these adjustments, offering a more detailed view of the adequacy of each model to the
experimental conditions.

The adjustments in Figure 7 reveal a clear contrast between the two models. The pseudo-first-
order model (Figures 7(a) and 7(b)) presents an unsatisfactory correlation with the experimental data,
especially for the fractions with TAN = 1.59 mg KOH/g and TAN = 33.67 mg KOH/g. The R2 values
confirm this behavior in Table 2, which were consistently lower than 0.900 for all fractions and both
thermal activation temperatures. These results indicate that the pseudo-first-order model is
inadequate to describe the carboxylic acid adsorption process in kerosene-like hydrocarbon fractions.
On the other hand, the pseudo-second-order model (Figures 7(c) and 7(d)) showed a significantly
better performance, with R2 values higher than 0.900, reaching up to 0.9999, as shown in Table 2.
These results suggest that the pseudo-second-order model provides a much more accurate
representation of adsorption kinetics. The excellent agreement between the values of ge(exp) and
ge(calc) observed in this model reinforces its adequacy, suggesting that chemisorptive interactions
mainly govern the adsorption process [56,57].

Overall, the results indicate that the pseudo-second-order model best describes the adsorption
kinetics for all kerosene-like hydrocarbon fractions, regardless of the TAN value or the adsorbent
activation temperature. This result suggests that the adsorption mechanism is controlled by chemical
interactions, being influenced by both the nature of the adsorbent (TARM) and the initial
concentration of carboxylic acids (TAN). In addition, thermal activation at 400 °C proved to be more
efficient in terms of the agreement of ge values, high R? values and the higher initial adsorption rate
(hi), which can be explained by the structural modification of the adsorbent, which increases
accessibility to active sites.
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Figure 7. Evaluation of kinetics models for the adsorption of carboxylic acids on three kerosene-like
hydrocarbons fractions using thermally activated red mud: (a) and (b) pseudo-first-order, using
TARM at 400 °C and 600 °C, respectively; (c) and (d) pseudo-second-order, using TARM at 400 °C
and 600 °C, respectively.

Table 2. Kinetic parameters of pseudo-first and pseudo-second order models for the adsorption of
carboxylic acids in three kerosene-like hydrocarbons fractions using thermally activated red mud.

Variables evaluated Adsorption kinetic parameters
Adsorbent: TARM at 400 °C

Pseudo-first order
Initial concentrations

qe (exp) K1 e (calc) s
(mg KOH/g) (mg/g) (min) (mg/g) :
1.59 138.4875 0.1120 10.1962 0.58263
33.67 539.9592 0.0420 49.6718 0.17397
84.40 286.7990 0.0574 146.5784 0.83256

Pseudo-second order
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Initial concentrations qe (exp) Kz ge (calc) hi R2
(mg KOH/g) (mg/g)  (g/mg.min)  (mg/g) (mg/g.
1.59 138.4875 0.0126 140.2525 246.9136 0.99885
33.67 539.9592 0.0157 531.9149 44344718 0.99953
84.40 286.7990 0.0015 290.6977 127.3885 0.99424
Adsorbent: TARM at 600 °C
Pseudo-first order
Initial concentrations
(mg KOH/g) ge (exp) I.<1 e (calc) R?
(mg/g) (min) (mg/g)
1.59 127.2400 0.0891 26.2894 0.79762
33.67 395.1952 0.0839 257.9942 0.83183
84.40 307.2286 0.0669 58.0524 0.53732
o _ Pseudo-second order
Initial concentrations G (exp.) K ge (calc) hi
(mg KOH/g) | _ :
(mg/g) (g/mg. min) (mg/g)  (mg/g. min)
1.59 127.2400 0.0214 127.7139 349.6503 0.99993
33.67 395.1952 0.0010 404.8583 168.9189 0.99344
84.40 307.2286 0.0070 307.6923 666.6667 0.99977

3.2.2. Chemically Activated Red Mud

Figure 8 presents the results of the adsorption kinetics of carboxylic acids in gasoline-like
hydrocarbons fractions (TAN = 4 mg KOH/g), using chemically activated red mud with different
concentrations of HCI (0.25M, 1M and 2M), resulting in three distinct adsorbents (CARM - 0.25M
HCl, CARM - 1M HCl, and CARM - 2M HCI). These adsorbents were applied in different
proportions (0.5%, 1.0%, 1.5% and 2%), allowing the analysis of the effect of both HCI concentration
and the amount of adsorbent on acid removal efficiency.

Figures 8(a)-(c) illustrate the variation of TAN values over time in different adsorbent
percentages. The reduction of TAN values varies significantly according to the concentration of the
solution used in the chemical activation process of the red mud and the amount of adsorbent applied.
This behavior reflects the efficiency of the deacidification process by adsorption, as shown in Figures
8(d)-(f). The lowest values of TAN obtained were 0.300, 0.000 and 0.73 when using 2% of CARM -
0.25M HCI, CARM - 1M HCl and CARM - 2M HC], respectively, showing that the concentration of
HCI directly influences the removal of acidity.

Figures 8(d)-(f) show the efficiency of carboxylic acid removal in percentage terms, varying
according to the amount of adsorbent. The most effective condition was observed with 2.0% CARM
- 1M HC], reaching a removal of more than 90%, reaching up to 100% in some cases. For the fractions
deacidified with CARM - 0.25M HCI and CARM - 1M HC], the percentage removal increases
significantly when the percentage of adsorbent increases from 0.5% to 2%. In the case of CARM-2M
HC], the increase is less significant between 0.5% and 1.5% but more pronounced when it reaches 2%.
Overall, the highest removal performance is achieved with 2% adsorbent for the three chemically
activated red mud conditions, reinforcing the importance of the amount of adsorbent in the
deacidification process.

In Figures 8(d)-(f), the efficiency of carboxylic acid removal is expressed in percentage terms. It
is observed that the removal is more efficient with the increase in the percentage of adsorbent,
highlighting the condition of 2.0% for CARM - 1M HCl, which achieves a removal more significant
than 90%. For the deacidified fractions with CARM - 0.25M HCl and CARM - 1M H(], the percentage
removal increases significantly as the adsorbent percentage increases from 0.5% to 2%, while for
CARM - 2M H(], this removal is almost equal when there was an increase from 0.5% to 1.5% and
increasing a little more significantly to an increase from 1.5% to 2%. When the adsorbent percentage
reaches 2.0%, all three adsorbents demonstrate the highest removal efficiency for the gasoline-like
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hydrocarbons fraction with TAN =4 mg KOH/g, evidencing the importance of the amount of
adsorbent in the efficiency of the deacidification process.

The adsorbent concentration influences the adsorption capacity, as shown in Figures 8(g)-(i).
The analysis of Figures 8(g) and 8(h) revealed that the time required to reach equilibrium in CARM
- 0.25M HCl and CARM - 1M HC], respectively, was similar for the adsorbent loads of 1%, 1.5% and
2%, with an average of 20 minutes to reach equilibrium. However, for the 0.5% adsorbent
concentration, an equilibrium time within 60 minutes was not observed, indicating a gradual increase
in gt values and suggesting the need for a kinetic study with a longer time. For CARM - 2M HCl
(Figure 8i), the time required to reach equilibrium was approximately 20 minutes for all adsorbent
loads tested (0.5%, 1%, 1.5% and 2%).

Figures 8(g)-(i) also indicate that the investigated adsorbent loads influenced the adsorption
capacity. It was observed that, when increasing the percentage of adsorbent, there was a reduction in
the values of adsorption capacity at equilibrium. This result suggests that the percentage of adsorbent
is a crucial factor in the adsorption mechanism. Li et al. [58] explain that, although more active sites
are available with the increase in the percentage of adsorbent concerning the feedstock mass, the
specific area (area per unit mass) is not changed. Therefore, the best adsorption capacity was achieved
with 0.5% CARM - 2M HCIL. Li et al. also reported a similar behavior concerning the effect of the
adsorbent percentage on the adsorption process [58].

The experimental adsorption capacity of free fatty acids (FFA) in CARM - 0.25M HCl was
approximately 2611 mg/g for 0.5% adsorbent, 1303 mg/g for 1% adsorbent, 1021 mg/g for 1.5%
adsorbent and 767 mg/g for 2% adsorbent. In CARM - 1M HC], the values were approximately 2483
mg/g for 0.5% adsorbent, 1415 mg/g for 1% adsorbent, 1018 mg/g for 1.5% adsorbent, and 828 mg/g
for 2% adsorbent. For CARM - 2M HC], the values observed were approximately 2605 mg/g for 0.5%
adsorbent, 1298 mg/g for 1% adsorbent, 887 mg/g for 1.5% adsorbent, and 715 mg/g for 2% adsorbent.
Therefore, the results presented in Figures 8(g)-(i) indicate that there is no significant difference
between the values of adsorption capacity of FFA present in gasoline-like hydrocarbons fractions
using CARM - 0.25M HCl, CARM - 1M HCl and CARM - 2M HClI as adsorbents. In addition, all the
adsorption capacities obtained with the three chemically activated red mud types were higher than
the values found for the red mud thermally activated at 400 and 600°C. This result indicates that the
chemical activation of red mud was an efficient method to increase the adsorptive capacity of the
material used as an adsorbent. The results of the textural analysis (Section 3.3.4) show that the surface
area of chemically activated red sludge, particularly CARM - 0.25M, is higher than the surface area
of thermally activated red sludge.

In general, although the percentage of 2% adsorbent has a lower adsorption capacity than the
other conditions tested, this concentration provides the greatest efficiency in removing carboxylic
acids. Thus, based on the results in Figure 8, using 2.0% CARM — 1M HCI stands out as the best
option for effectively removing carboxylic acids from gasoline-like hydrocarbon fractions.

The experimental data presented in Figures 8(g)-(i) were fitted to the pseudo-first-order and
pseudo-second-order kinetic models, as previously described in Section 2.5, using linear regression.
Figures 9(a)-(c) illustrate the fit for the pseudo-first-order model, while Figures 9(d)-(f) correspond
to the pseudo-second-order model, using different concentrations of chemically activated red mud
(CARM - 0.25M HCI, CARM - 1M HCI, and CARM - 2M HCI). Table 3 summarizes the kinetic
parameters calculated for both models, providing a clear comparison of the suitability of each model
to the experimental conditions for the adsorption of carboxylic acids in gasoline-like hydrocarbon
fractions.
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Figure 8. Adsorption kinetics of carboxylic acids in gasoline-like hydrocarbons fraction using
different percentages of chemically activated red mud (CARM - 0.25M HCl, CARM - 1M HCl, and
CARM -2M HCI): (a), (b) and (c) TAN values; (d), (e) and (f) percentage of carboxylic acids removed;
(g), (h) and (i) adsorption capacity.
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Figure 9. Evaluation of kinetics models for the adsorption of carboxylic acids in gasoline-like
hydrocarbons fraction using different percentages of chemically activated red mud: (a), (b) and (c)
pseudo-first-order, using CARM - 0.25M , CARM - 1M, and CARM - 2M, respectively; (d), (e) and
(f) pseudo-second-order, using CARM - 0.25M, CARM - 1M, and CARM - 2M, respectively.

The adjustments presented in Figure 9 highlight a significant difference between the two kinetic
models. The pseudo-first-order model (Figures 9(a)-(c)) showed an unsatisfactory correlation with
the experimental data, especially for the samples treated with CARM - 0.25M HCl and CARM - 1M
HCIL. This behavior is confirmed by the R2 values, which were consistently lower than 0.900 for most
adsorbent concentrations tested. These results indicate that the pseudo-first-order model is not
adequate to describe the adsorption process of carboxylic acids in gasoline-like hydrocarbon
fractions, possibly due to its inability to capture the complexity of the interactions between adsorbent
and adsorbate. On the other hand, the pseudo-second-order model (Figures 9(d)-(f)) showed
significantly better performance, with R? values higher than 0.900, reaching up to 0.9999. These results
suggest that the pseudo-second-order model provides a much more accurate representation of
adsorption kinetics. The good agreement between the values of qe (exp) and ge(calc) observed in this
model reinforces its adequacy, suggesting that the adsorption process is mainly governed by
chemisorptive interactions [56,57], as frequently reported in the literature.

The initial adsorption rate (hi), presented in Table 4, is significantly higher for the lowest
percentages of adsorbent (0.5 and 1.0%), regardless of the type of adsorbent used in this study. This
result underscores the high efficiency of these adsorbents in the early stages of the process, with more
than 76% of the experimental adsorption capacity being achieved in the first five minutes, as
evidenced in Figures 8(g)-(i). This rapid initial adsorption is decisive, especially for industrial
applications that demand fast and effective processes. The high adsorption rate in the early stages
suggests that most of the active sites of the adsorbent are readily accessible, which contributes to the
high efficiency of the process (Figures 8(g)-(i)).

The pseudo-second-order model demonstrates an excellent ability to describe the adsorption
kinetics under the tested conditions, evidenced by the high values of R? and the excellent agreement
between the experimental and calculated ge values. The CARM-1M HCl adsorbent proved to be
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exceptionally efficient, reaching the highest values of qe and hi, highlighting its efficacy in
deacidifying gasoline-like hydrocarbon fractions. This performance can be explained by optimized
chemical activation with 1M HCI, resulting in a more suitable structure for interactions with
carboxylic acids. The greater accessibility to the active sites of this adsorbent makes it the most
promising among those tested, as corroborated by the characterization results presented above.

Table 3. Kinetic parameters of pseudo-first and pseudo-second order models for the adsorption of

carboxylic acids in gasoline-like hydrocarbons fraction using different percentages of chemically

activated red mud.

Variables evaluated

Adsorption kinetic parameters

Adsorbent:

Adsorbent percentage
(%)

0.5
1.0
1.5
2.0

Adsorbent percentage
(%)

0.5

1.0

1.5

2.0
Adsorbent:

Adsorbent percentage
(%)

0.5
1.0
1.5
2.0

Adsorbent percentage

(%)

0.5

1.0

1.5

2.0
Adsorbent:

Adsorbent percentage
(%)

0.5
1.0
1.5
2.0

CARM - 0.25M
Pseudo-first order
ge (exp) Ki e (calc) R2
(mg/g) (min) (mg/g)
2611.1537 0.0476 872.7905 0.68024
1303.0062 0.0406 276.7897 0.45663
1021.1287 0.0408 404.5573 0.70295
767.3193 0.1136 97.2120 0.61839
Pseudo-second order
e (exp) K ge (calc) hi R2
(mg/g) (/mg. min) (mg/g) (mg/g.
2611.1537 0.0003 2585.3020 2094.1751 0.99645
1303.0062 0.0011 1286.8589 1770.1872 0.99836
1021.1287 0.0006 1002.4399 628.9308 0.99524
767.3193 0.0019 781.2500 1129.7150 0.99855
CARM - 1M
Pseudo-first order
qe (exp) Ki e (calc) R?
(mg/g) (min) (mg/g)
2483.3156 0.0500 757.7047 0.65831
1415.9153 0.1296 506.9557 0.72991
1018.8573 0.1074 564.1181 0.89368
828.4279 0.0907 559.1135 0.96124
Pseudo-second order
qe (exp.) Ko qge (calc.) hi R2
(mg/g) (g/mg. min) (mg/g) (mg/g. min)
2483.3156 0.0003 2471.4975 2069.6564 0.99649
1415.9153 0.0005 1452.2852 1137.7341 0.99758
1018.8573 0.0007 1035.9549 769.2308 0.99839
828.4279 0.0004 869.5652 298.5075 0.99502
CARM -2M
Pseudo-first order
ge (exp) Ki e (calc) R2
(mg/g) (min-) (mg/g)
2605.8142 0.3173 629.3178 0.8355
1298.3432 0.1324 418.7936 0.86549
887.1661 0.1007 390.1486 0.88176
715.5132 0.1018 277.1214 0.85928

Pseudo-second order
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Adsorbent percentage qe (exp.) K ge (calc.) hi R2
0.5 2605.8142 0.0066 2609.7600 44778.3917 0.99997
1.0 1298.3432 0.00017 1305.3075 2854.8916 0.99973
1.5 887.1661 0.0009 900.9009 751.8797 0.99883
2.0 715.5132 0.0013 729.9270 714.2857 0.99935

3.2.3. Effect of the Type of Feed

Figure 10 illustrates the adsorption kinetics of carboxylic acids in various distillate fractions,
including gasoline-like hydrocarbons, kerosene-like hydrocarbons, and diesel-like hydrocarbons, all
of which have similar TAN values. The analysis is performed using chemically activated red mud
(CARM - 1M HC(I), allowing a direct comparison between the different fractions and highlighting
the effectiveness of the adsorbent in varied hydrocarbon contexts.
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Figure 10. Adsorption kinetics of carboxylic acids in different distillate fractions using chemically
activated red mud (CARM - IM): (a) TAN values, (b) percentage of carboxylic acids removed, and (c)

adsorption capacity.

Figure 10(a) shows the TAN values of the different fractions distilled using CARM — 1M HCl as
an adsorbent, demonstrating the significant influence of the fraction type on the NAN values. The
lowest value of TAN, 0.00 mg KOH/g, was observed for the gasoline-like hydrocarbons fraction,
followed by the kerosene-like hydrocarbons fraction with 0.27 mg KOH/g, and the diesel-like
hydrocarbons fraction with 1.07 mg KOH/g. These results indicate that the differentiated composition
of hydrocarbons and oxygenated compounds in each fraction directly affects acid removal efficiency.
Figure 10(b) reinforces this behavior inversely, showing that the highest deacidification efficiency
(100%) was achieved in the gasoline-like hydrocarbons fraction. In comparison, the kerosene-like and
diesel-like hydrocarbon fractions showed efficiencies of 82.97% and 31.18%, respectively. Therefore,
the results presented in Figures 10(a) and 10(b) show that CARM - 1M HCl tends to promote more
efficient deacidification for the lighter fractions with smaller hydrocarbon chains, probably due to
the lower molecular complexity and better accessibility to the active sites of the adsorbent.
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From the chromatographic analysis performed for the distilled fractions of bio-oil reported in
the work of Mancio et al. [21], it is known that the diesel-like hydrocarbons fraction has free fatty
acids with a higher carbon chain than the kerosene-like hydrocarbons fraction. Therefore, the
adsorption capacity of FFA is influenced by the fraction distilled type since each fraction is
characterized by hydrocarbons and oxygenated compounds (mainly carboxylic acids) that increase
in carbon chain size as the temperature range increases [59]. This behavior was observed by Silva et
al. [33], in which these authors found that model samples of distillate petroleum fractions containing
simpler and lighter carboxylic acids have higher adsorption capacities for commercial clay, resulting
in higher mass transfer coefficient values. Poling et al. [60] report that diffusion tends to be slower for
larger molecules. Therefore, the behavior observed in the present study follows what has been
reported in the literature.

Figure 11 and Table 4 provide a clear view of the kinetic behavior of carboxylic acid adsorption
in distillate fractions (gasoline-like, kerosene-like, and diesel-like hydrocarbons) using chemically
activated red sludge (CARM - 1M HCI). Based on Table 4, it is evident that the pseudo-second-order
model is the one that best describes the experimental data, as indicated by the high values of R?, all
above 0.998 for the three fractions. This result suggests a good agreement between the experimental
values of ge(exp) and the calculated values ge(calc), reinforcing this kinetic model's adequacy in
predicting adsorption.
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Figure 11. Evaluation of kinetics models for the adsorption of carboxylic acids in different distillate
fractions using chemically activated red mud (CARM - 1M): (a) pseudo-first-order, and (b) pseudo-
second-order.

In terms of efficiency, the gasoline-like hydrocarbons fraction presented the highest hi value
(initial adsorption rate), with 1806.7011 mg/g.min, while the diesel-like hydrocarbons fraction
obtained the lowest, with 236.4066 mg/g.min, reflecting a lower initial adsorption capacity, possibly
due to the greater molecular complexity of this fraction [21] and the lower accessibility of the
adsorbent active sites [61]. In parallel, in the first 2.5 minutes, about 95%, 97% and 84% of the
equilibrium adsorption capacity were achieved for gasoline-like, kerosene-like and diesel-like
hydrocarbons, respectively, corroborating the initial adsorption rate values presented in Table 4.
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Table 4. Kinetic parameters of pseudo-first and pseudo-second-order models for the adsorption of
carboxylic acids in different distillate fractions using chemically activated red mud (CARM - 1M).

Variables evaluated Adsorption kinetic parameters
Pseudo-first order
Distilled fraction ge (exp) I.<1 e (calc) R2
(mg/g) (min-) (mg/g)
Gasoline-like 341.4678 0.0776 31.3574 0.47678
Kerosene-like 287.5675 0.1144 30.4103 0.84354
Diesel-like hydrocarbons 105.9485 0.0598 24.3961 0.41922
Pseudo-second order
Distilled fraction qe (exp) Ko qge (calc) hi R2
(mg/g)  (g/mg.min)  (mg/g) (mg/g.
Gasoline-like 341.4678 0.0047 3154574 4629630  0.99837
hydrocarbons
K -lik
erosene-iiiee 287.5675 0.0219 287.3563 18067011  0.99994
hydrocarbons
Diesel-like hydrocarbons 105.9485 0.0208 106.4963 236.4066 0.99979

4. Conclusions

The results of the characterization of the six red mud-based adsorbents (Red Mud, TARM at 400
°C, TARM at 600 °C, CARM - 0.25M HCl, CARM - 1M HCI and CARM - 2M HCl) show that the
activation method and its conditions have a significant impact on the specific surface area of the
adsorbents. Thermal activation at 400 °C was the most effective to increase surface area compared to
non-activated sludge, reaching 35.2450 m?/g. For chemical activation, the best condition was using a
0.25M HCl solution, resulting in an area of 84.3290 m?/g, surpassing thermal activation.

Comparing the best results between the activation methods, it was concluded that chemical
activation was more efficient, with a BET area close to that of commercial adsorbents. This result
underscores the effectiveness of chemical activation in improving the textural properties of red mud.

In the deacidification experiments by adsorption of fractions of gasoline-like hydrocarbons, the
red mud chemically activated with HCl (0.25M, 1M and 2M) showed great potential, with qt higher
than 2000 mg/g, for the lowest percentage of adsorbent (0.5%). Red mud is an abundant and low-cost
industrial by-product, making it even more attractive as an adsorbent.

The pseudo-second-order kinetic model was the most appropriate to describe adsorption
kinetics, showing high R? values and an excellent correspondence between experimental and
calculated qge values. The high efficiency of CARM — 1M HC], evidenced by both the high values of
ge and hi, reinforces its capacity in deacidification processes of distilled fractions of bio-oil (biofuels),
such as gasoline-like hydrocarbons, kerosene-like hydrocarbons and diesel-like hydrocarbons.
Notably, the gasoline-like hydrocarbons fraction achieved the best results, achieving 100% carboxylic
acid removal, proving the effectiveness of CARM-1M HCI as an adsorbent in such purification
processes.

Therefore, adsorption as a method of deacidifying biofuels proved to be efficient, especially with
chemically activated red mud, representing a promising alternative for upgrading biofuels, directly
contributing to the catalytic thermal cracking process.
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