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ABSTRACT

Renewable energy sources present a viable and sustainable solution to the escalating
global demand for clean energy. Within this context, biodiesel emerges as a prominent
alternative to conventional petroleum-based fuels, with alkaline transesterification
constituting the primary method of production. Subsequent to its production, biodiesel
needs purification prior to its utilization in conventional engines. Among the prevailing
purification techniques, "wet washing" holds prominence, despite its substantial water
consumption. Conversely, an alternative purification methodology, namely "dry
washing," leverages adsorption processes, offering advantages such as reduced water
usage, accelerated purification kinetics, and less effluent generation. In the present
investigation, biodiesel was synthesized using waste cooking oil via the ethanol route,
employing a molar ratio of 1:7.5 oil to alcohol. Three activated carbons were prepared
from walnut shells using different activation methodologies. These methods comprised
two chemical activations, one using phosphoric acid and the other using sodium
hydroxide, and a physical activation process. Surface area analyses revealed values
of 426.66 m2/g, 2.695 m2/g, and 345.69 m2/g for the acid, basic and physical activated
carbons, respectively. Adsorption studies, including kinetics and isotherm
experiments, were conducted across three temperatures: 25°C, 35°C, and 45°C.
Subsequently, isotherm studies were performed at optimal temperatures determined
from the kinetic assessments. Remarkably, the activated carbon prepared via
phosphoric acid activation demonstrated superior removal efficiency with the increase
of temperature, indicative of a negative activation energy. Notably, only the material
activated via phosphoric acid allowed the 0.02% (w/w) glycerol content limit fixed by
both the European EN14214 and the American ASTM D6751 standards. These
findings underscore the efficacy of walnut shell-derived activated carbons in providing
a viable alternative to the conventional wet washing method, thereby mitigating water

wastage, and promoting a greener and more sustainable biodiesel production process.

Keywords: Adsorption, Dry Washing, Transesterification, Activated Carbon,

Renewable Energy.



RESUMO

As fontes de energia renovavel apresentam uma solugéo viavel e sustentavel para a
crescente demanda global por energia limpa. Dentro deste contexto, o biodiesel surge
como uma alternativa proeminente aos combustiveis convencionais a base de
petréleo, com a transesterificacdo alcalina constituindo o método priméario de
producdo. Apds sua producdo, o biodiesel necessita de purificagdo antes de ser
utilizado em motores convencionais. Entre as técnicas de purificacdo predominantes,
a "lavagem umida" tem destaque, embora seu consumo substancial de agua. Ao
contrario, uma metodologia de purificacdo alternativa, denominada "lavagem a seco",
utiliza processos de adsorc¢éo, oferecendo vantagens como reducdo do consumo de
agua, aceleracao da cinética de purificacdo e diminuicdo da geracdo de efluentes. Na
presente investigacao, o biodiesel foi sintetizado utilizando 6leo de cozinha residual
via rota do etanol, empregando uma relacdo molar de 1:7.5 de 6leo para alcool. Trés
carvOes ativados distintos foram preparados utilizando diferentes metodologias de
ativacao envolvendo casca de noz. Estes métodos compreenderam duas ativacdes
guimicas, uma utilizando acido fosférico e a outra hidréxido de sodio, juntamente com
um processo de ativacao fisica. As analises de area de superficie revelaram valores
respectivos de 426.66 m2/g, 2.695 m?/g e 345.69 m?/g para os carvOes ativados.
Estudos abrangentes de adsorcao, incluindo analises de cinética e isotermas, foram
conduzidos em trés temperaturas designadas: 25°C, 35°C e 45°C. Posteriormente,
investigacdes de isotermas foram realizadas em temperaturas 6timas determinadas a
partir das avaliacfes cinéticas. Notavelmente, o carvao ativado preparado via ativacédo
com acido fosférico demonstrou eficiéncia de remog¢ado superior com o aumento da
temperatura, indicativo de uma energia de ativacao negativa. Apenas o carvao ativado
via acido fosforico atendeu ao rigoroso limite de 0.02% (m/m) exigido tanto pela norma

europeia EN14214 quanto pela norma americana ASTM D6751.

Palavras-chave: Adsorcédo, Lavagem a Seco, Transesterificacdo, Carvao Ativado,

Energia Renovavel.
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NOMENCLATURE

Acronyms

AC Activated Carbon

AAC Acid Activated Carbon

BAC Basic Activated Carbon

FABE Fatty acid butyl ester

FAEE Fatty acid ethyl ester

FAME  Fatty acid methyl ester

FAPE Fatty acid propyl ester

FFA Free fatty acid

IPD Intra Particle Difusion

PAC Physical Activate Carbon

WCO Waste Cooking Oil

Symbols

C Constant related to diffusion resistance (%)

Kq Intraparticle diffusion constant (g_T;”ii —)

K1 First-order rate constant (min™1)

ko Second-order rate constant (mgin in)
Amount of solute adsorbed per weight unit of adsorbent at the

Qe equilibrium (29)

Qt Amount of solute adsorbed per weight unit of adsorbent in t (%)

T Time of adsorption (min)

Greek Symbols
)

a Initial adsorption rate (mg —

B Desorption constant (%)



1. INTRODUCTION

The necessity of exploring new renewable fuel sources is closely tied to the
desire to minimize reliance on fossil fuels and the environmental consequences of their
usage. Renewable energy sources, such as biodiesel, offer a viable alternative for
meeting this need. Biodiesel can be made from sustainable raw sources such as
vegetable oils and animal fats and has similar properties to traditional diesel, allowing
it to be utilized in diesel engines without modification. Furthermore, biodiesel is less
polluting than conventional diesel, emitting fewer greenhouse gases and pollutants into
the atmosphere. As a result, research and development of new renewable fuel
sources, such as biodiesel, are critical to ensuring energy security, reducing reliance
on fossil fuels, and promoting environmental sustainability [1].

This study continues the work of Gar¢cdo [2] and Lamino Camilo [3], who
investigated the effectiveness of dry washing with activated carbon in meeting the
European standard for allowable glycerol content in biodiesel. Gar¢ao utilized cork, a
readily available biomass waste in Portugal, as her source material and conducted
both physical activation and basic chemical activation on the cork to produce two types
of activated carbons. It was observed that the chemically activated carbons
demonstrated superior adsorption capacities compared to the physically activated
ones. Furthermore, the author found that ground cork yielded better results than merely
physically activated carbon.

This work aimed to extend research by employing walnut shells, another
abundant biomass waste in Portugal. We investigated both physical and chemical
activation methods, using acid and base treatments, to evaluate their effectiveness in
glycerol adsorption from biodiesel. The main goal of this work was the assessment of
the use of natural adsorbents derived from walnut shell in the purification of biodiesel
through glycerol removal. The project characterized and synthesized activated
carbons via chemical and physical activation using various compounds. Adsorption
tests were performed to evaluate the capacity of these materials for adsorption, with
the primary goal of removing glycerol contaminants from the biodiesel produced,
focusing on glycerol contamination due to its negative impact on combustion engines,

which is a major issue for its application. As a result, the aim of this study was to



evaluate the production and purification of biodiesel using waste cooking oil as raw
material in order to redirect its disposal toward this application.

Similarly, Lamino Camilo research followed the same methodology as Gar¢ao's
but using olive stone as the biomass source. Lamino Camilo prepared five types of
activated carbons: one physically activated, two chemically activated with a base, one
chemically activated with an acid, and another activated with salt. His findings revealed
that the salt-activated and physically activated carbons were the most effective in
glycerol removal.

In Chapter 2, a comprehensive literature review was conducted on studies
comparing diesel and biodiesel, focusing on the transesterification and esterification
reactions involved in biodiesel production. This chapter also included a review of the
various catalysts used in the production of biodiesel.

Chapter 3 delved into the adsorption process, examining which biomasses had
been utilized for dry washing techniques and the types of activated carbons employed.
This chapter also presented the standards that this work aimed to achieve, along with
the kinetic and isotherm equations that underpinned the study.

In Chapter 4, the methodologies used for the characterization of activated
carbons and the adsorption processes were detailed. This included descriptions of the
procedures and techniques applied during the experimental phase.

Chapter 5 presented the results of the analyses described in Chapter 4. This
section discussed the findings in detail and explored their implications.

Finally, Chapter 6 provided the conclusions of the study, summarizing the key

findings and suggesting potential directions for future research.



2. BIODIESEL

Biofuels play a crucial role in the transition towards a more sustainable energy
system. Biodiesel, in particular, is a renewable fuel made from sources such as used
cooking oil and soybeans, and has a significantly lower environmental impact
compared to traditional fossil fuels. It produces fewer greenhouse gas emissions and
helps to reduce dependence on foreign oil. However, the challenge of scaling up
production and ensuring long-term sustainability remains. Despite these challenges,
biodiesel has the potential to be a game-changer in the fight against climate change
and the transition towards a more sustainable future. This topic will discuss biodiesel
production, its comparison to fossil diesel, and the catalysts that can be used for

biodiesel production.

2.1 Comparison between diesel and biodiesel

Biodiesel has one of the most significant advantages among biofuels due to its
comparable calorific value to fossil diesel as shown in the table 1, which does not
significantly reduce engine performance. However, the pour point of biodiesel, which
affects its flow characteristics inside the engine, is an important factor to consider. The
pour point of biodiesel varies from -15°C to 10°C depending on the raw material used
in its production, making its use impractical. The pour point of fossil diesel, on the other
hand, ranges from -35°C to -15°C, providing a safer usage interval. It is critical to
investigate the pour point of biodiesel produced from various raw materials in order to
determine the best feedstock for its production and ensure its viability as a sustainable
alternative [2].

Table 1. Comparison of some characteristics of biodiesel and diesel.

Fuel Property Biodiesel Diesel Units
Fuel standard ASTM D6751 ASTM D975
Kinematic viscosity 40°C 1.9-6.0 1.3-41 mm?.s71
Density 0.86 -0.9 0.85 g/cm™2
Flash point 130 - 170 60 — 80 °C
Pour point -15to0 10 -35t0 -15 °C
Heating value 34.4 - 45 42 — 45 MJ].kg™*
Source: [2]



It is worth noting that the average calorific value of the ASTM D6751 biodiesel
is slightly lower than diesel, but it is still comparable. Another important consideration
Is that biodiesel has a higher viscosity, which may affect its flowability in the engine.

It is important to emphasize the effect of sulfur content on fuel combustion.
Given the lower sulfur content of biodiesel, a comparison with fossil diesel is relevant
in this context. According to [3] biodiesel has a higher oxygen content and a lower
carbon content, which allows for complete combustion and cleaner combustion.
Furthermore, compared to biodiesel, fossil diesel has a higher sulfur content, indicating
a dirtier combustion. According to the findings, biodiesel emits 38.66% fewer

particulate pollutants than petroleum-derived diesel.

2.1 Biodiesel production

Biodiesel is a renewable fuel that can be derived from plants, algae, animal fats,
and waste cooking oils. The use of these sources contributes to less reliance on fossil
fuels and lower greenhouse gas emissions. Transesterification and esterification are
two major biodiesel production processes. This paper provides an overview of the
various biodiesel sources and production processes. Each source and process’s
advantages and disadvantages are discussed, as well as the potential for future

research and development in this field [4].

2.2.1 Esterification

Esterification is a chemical reaction that occurs when an acid and an alcohol
combine to form an ester and water. The fatty acids found in vegetable oils or animal
fats are combined with an alcohol, usually methanol or ethanol, in the presence of an
acidic catalyst such as sulfuric acid or hydrochloric acid to produce biodiesel esters.
The fatty acids react with the alcohol to form the ester and water as a byproduct during
the esterification reaction. The fatty acids are converted into esters, which can be used
as a renewable fuel in this process [6].

The esterification process has gained popularity as an alternative route for

biodiesel production, particularly when dealing with feedstocks with high free fatty acid

4



content. The procedure is relatively simple and can be carried out in mild weather.
Furthermore, the process can convert free fatty acids into esters, increasing the yield
of biodiesel production. The acid catalyst used in the reaction is critical in determining
the reaction’s conversion rate. Because of their high catalytic activity and low cost,
sulfuric acid and hydrochloric acid are common catalysts for the esterification reaction.
However, the use of such strong acids can result in the formation of undesirable
byproducts, which can affect the final product’s quality [7], [8].

Recent research has concentrated on the development of alternative
esterification catalysts, such as solid acid catalysts and enzymatic catalysts. These
catalysts have shown promising results in terms of improving reaction selectivity and
yield while reducing the formation of unwanted byproducts. Besides, using alternative
catalysts can reduce the environmental impact of the biodiesel production process [9],

[10]. Esterification’s reaction is presented in Figure 1 below:

O R2
Catalyst |
+ RE—oH =—— OYO + H0
R OH R
Fatty Acid Alcohols Fatty acid alkyl esters

Figure 1. Esterification reaction.
Source: Adapted from [8]

2.2.2 Transesterification

Transesterification is a chemical reaction that has gained widespread
acceptance in the production of biodiesel due to its ease of use and low cost. The
transesterification reaction produces esters from long-chain fatty acids, which are
identified as biodiesel. In this process, a vegetable oil or animal fat reacts with a short-
chain alcohol, such as methanol or ethanol, in the presence of a catalyst to produce
biodiesel and glycerol. Acids, bases, and enzymes are the most commonly used
catalysts in transesterification. While all three types of catalysts proved to be effective
at catalyzing the reaction, basic catalysts were found to have a faster reaction rate

than acid catalysts due to the formation of a more reactive intermediate [11].



Transesterification is preferred for biodiesel production because it reduces the
product’s viscosity, making it more suitable for use in conventional diesel engines.
Furthermore, the reaction can be performed in mild conditions and on the industrial
level, making the biodiesel production process profitable. Despite the many benefits of
transesterification, the choice of catalyst is influenced by the specific production
conditions and raw material properties [7]. The general chemical reaction from the

biodiesel transesterification is shown below in Figure 2.

H H
' D AAAAAAA ' HC_
H—T—o—g slcoicl H—(l:—OH + N0/ MAAAAA
0]
_LAAAAANA = MG AAAAAAA
H- (I: =0 g catalyst o= T =0H = No o
AAANAANANAA
H—?—o—l': H-C -OH + Hsc\o)’vwv\/\/\
]
H H
triglyceride glycerol biodiesel

Figure 2. Transesterification reaction.
Source: Adapted from [8]

2.3 Catalysts for biodiesel production

Catalysts are used to speed up the reaction for biodiesel production while also
promoting product formation. They are divided into three types: heterogeneous acid
and basic catalysts, homogeneous acid and basic catalysts, and enzymatic catalysts.
All of these catalysts are attempts to make biodiesel production more economically
and environmentally feasible, making the production of this green fuel even more
environmentally friendly. This topic will discuss briefly the most commonly used
catalysts for each category, as well as the reasons for their selection.

2.4 Heterogeneous catalysts

Using heterogeneous catalysts to synthesize biodiesel has several advantages.

Unlike homogeneous catalysis, heterogeneous catalysis allows for easier separation
of the catalyst from the final reaction products, as well as the possibility of recovering
and reusing the catalyst, which is required in continuous production regimes, and does
not promote saponification or corrosion. Heterogeneous catalysis for
6



transesterification in biodiesel production aims to improve production efficiency and

reaction product quality [12].

2.4.1 Heterogeneous basic catalyst

In the transesterification reaction, basic catalysts are more common, such as
SrO (strontium oxide) can be used. SrO has a low affinity for methanol and can be
reused up to ten times without losing much efficiency. The main disadvantage of SrO
is its high cost, with an Apollo Scientific market price of €226 for 100 g, needed to be
obtained for somewhere else. CaO (calcium oxide) is an alternative basic catalyst that
can be produced relatively easily from calcium hydroxide and calcium nitrate. CaO can
be easily obtained from natural sources, such as chicken eggshells and bones,
lowering production costs significantly. CaO, on the other hand, necessitates a thermal
activation step to remove the adsorbed CO2 and moisture, and this step should be
carried out in an inert atmosphere to avoid carbonation. Choosing an ideal
heterogeneous catalyst for biodiesel production necessitates careful consideration of
numerous factors such as recovery, reusability, environmental impact, and cost.
Although SrO is a highly efficient catalyst, its high cost prevents it from being widely
used. CaO, on the other hand, is a promising alternative with low costs and plentiful
natural sources. However, its thermal activation step and carbonation susceptibility

necessitate extra care during the experimental process [13], [14], [15].

2.4.2 Heterogeneous acid catalyst

Acid catalysts are not as commonly used in transesterification reactions with
heterogeneous catalysts, as basic catalysts are known to favor the formation of
biodiesel esters more effectively. Acid catalysts are commonly used in the
pretreatment of biodiesel, specifically in the esterification reaction to reduce the FFA
content., however there are studies that demonstrate that heterogeneous acid
catalysts typically have lower esterification activity, but they are advantageous for low
quality oil feed stock with a high FFA content [16]. One important aspect of these
heterogeneous catalysts is that esterification and transesterification reactions can be
conducted simultaneously, eliminating the need for pre-treatment of the oil used [17].
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The most common heterogeneous acid catalysts are sulfonated catalysts [16], [18],
[19], zeolites [15], [19], [20] and heteropoly acids [19], [20], [21].

Table 2 summarizes commonly used heterogeneous catalysts in biodiesel
production. It provides information on prevalent catalysts and relevant biodiesel

production process characteristics, such as temperature, and alcohol:oil molar

proportion.
Table 2. Revision on heterogeneous catalyst used for biodiesel production.
Alcohol: Yield FAME
Catalyst Feed stock  Alcohol oil Temperature (%) (%) Ref
Li/Zn-Ch WaSteocifa”O'a MeOH 18:1 60 °C - 98%  [22]
Ca0 RubbersSeed  meoH 1211 65 °C i 99.7%  [23]
CaO Soybean OiIl MeOH 12:1 - - 99% [24]
Fish Bones Waste . o o i
(Ca0) Cooking Ol MeOH 10:1 65°C 89.5% [25]
CaO/ALOs Ref'”%ﬂ'l Palm  veon 151 60°C 86.38% 97.66% [26]
Calcined Waste Frying . o o o
Clamshell (CaO) ol MeOH 6.03:1 59.85°C 89.91% 97.74% [27]
Calcined Rubber Seed . o i o
Eggshells (CaO) ol MeOH 9:1 65 °C 97.84% [28]
Ostrich Bones Waste . o o i
(Ca0) Cooking Oil MeOH 15:1 60 °C 90.5% [29]
Plantain Waste
peels/Crab Shell ; . MeOH 13.03:1 60 °C 93% - [30]
Cooking Oill
(Ca0)
Zn-doped CaO .Calophyllum_ MeOH 01 55 °C 89% } (31]
(nanocatalyst) inophyllum oil

As it can be observed, basic heterogeneous catalysts are more commonly used
and popular in the academic field, mainly due to the fact that calcium oxide can be
obtained from disposable sources such as bones and eggshells, while still achieving
satisfactory conversions, thus reducing the cost of biodiesel production and ensuring

the production of high-quality biodiesel.

2.5 Homogeneous catalysts

Biodiesel is commonly produced using homogeneous catalysts, which are
preferred due to their simplicity and faster reaction time. Homogeneous catalysts are
frequently dissolved in the same solvent as all of the reactants, making them easier to
use. However, most studies suggest that for efficient biodiesel production with

homogeneous catalysts, the free fatty acid (FFA) content should be less than 2% [21].
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When compared to heterogeneously catalyzed reactions, homogeneously catalyzed
reactions are typically faster and require less catalyst loading. As said previously, the
main disadvantage of homogeneous catalysts is that they are difficult and often
inefficient to separate from the medium, making reusing the catalysts impossible [32].

2.5.1 Homogeneous basic catalysts

Alkaline catalysts are widely used in the transesterification process for biodiesel
production. In commercial transesterification processes, alkaline catalysts are the most
commonly used due to their efficiency and cost-effectiveness. It has been reported that
the rate of base-catalyzed reactions is reported to be 4,000 times faster than that of
acid-catalyzed ones. The most common catalysts are: alkali metal-based hydroxides,
namely, sodium or potassium hydroxide; alkali metal-based oxides such as sodium
and potassium methoxides; and carbonates [32]. For biodiesel production using a
homogeneous catalyst, most studies recommend an FFA content of less than 2 wt.%
[21] In summary, alkaline catalysts are highly effective for biodiesel production, and
their concentration should be carefully controlled within the optimal range to avoid
unnecessary costs. Additionally, proper starting materials are essential for successful
transesterification.

When dealing with the production of biodiesel, the presence of free fatty acids
(FFA) in the feedstock can pose a challenge. High levels of FFA can result in soap
formation during the transesterification process when using basic catalysts, which
hinders the production of biodiesel. To overcome this issue, the amount of catalyst
used must be carefully controlled. Additionally, to reduce the FFA content, an
esterification step can be implemented prior to transesterification. The esterification
process converts FFA into esters, which enhances the overall conversion of feedstock
into biodiesel. This process reduces the concentration of acids and increases the
concentration of esters in the medium, favoring transesterification [33]. Table 3 shows

a literature review of some homogeneous basic catalysts.



Table 3. Homogeneous basic catalysis review.

Catalyst Feedstock Catalyst (%) / Temp (°C) / A:O IT::I?EE; Yield/Conversion (%) References
KOH Karanja 1/60/10:1 15 92 [34]
KOH Karanja 1/65/6:1 2 98 [35]
KOH  Pongamia Pinnata 1/60/10:1 15 92 [34]
KOH WPO 1.2/60/6:1 2 95.6 [36]
KOH  Esterified WCO 1/60/3:1 1 94 [37]
KOH  Palm kernel 1/60/6:1 1 96 [38]
KOH  Jatropha 1/50/6:1 2 97.1 [39]
KOH  Jatropha 2.09/60/7.5:1 1 80.5 [40]
KOH Mahua 0.75/55-56/6:1 1 95.71 [41]
KOH  Mahua 1/45/6:1 3 95 [42]
KOH  Mahua 0.7/60/6:1 0.5 98 [43]

Mix Karanj and
KOH 0.75/55-56/6:1 1 94 [41]

Mahua
KOH Manilkara zapota oil 1/50/6:1 15 94.63 [44]
KOH  Camelina sativa oil 1.5/38.7/7.7:1 0.67 97 [45]
KOH Rapeseed oll 1/65/6:1 2 96 [46]

Refined cottonseed
KOH ol 0.6/55/6:1 1 96 [47]
KOH  Papaya seed oll 1/45/10:1 1 96.46 [48]
KOH  Tobacco seed oil 0.5/50/5:1 1 96.5 [49]
KOH  E.S oleosa oil 1/55/8:1 15 96 [50]
NaOH Palm 1/60/6:1 0.5 95 [51]
NaOH Neem 0.7/60-75/10:1 6.5-8 88-94 [52]
NaOH Jatropha 1/60/6:1 1 98 [53]
NaOH Jatropha 3.3/65/0.7:1 2 55 [54]
NaOH Jatropha 0.8/45/9:1 0.5 96.3 [55]
NaOH Sunflower 1/60/6:1 2 97.1 [56]
NaOH Sunflower 0.6/60/6:1 1 76-97 [36]
NaOH WCO 1.1/70/7.5:1 0.5 85.3 [57]
NaOH WCO 0.6/60/4.8:1 0.6 98 [58]
NaOH Restaurant WCO 0.3 (g)/55/35(v/iv) 15 85.5 [59]
NaOH Microalgae 3.5/50/8:1 1.22 87.421 [60]
NaOH Tobacco seed oll 1/50/5:1 1 97 [49]
NaOH E.S oleosa oll 1/55/8:1 15 93 [50]

Adapted from [61]
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2.5.2 Homogeneous acid catalysts

Acid catalysts, in addition to base catalysts, have been extensively investigated
for their potential role in biodiesel production. Unlike alkaline catalysts, acid catalysts
are less affected by the presence of free fatty acids (FFA) in the oil, as they have the
ability to simultaneously catalyze both FFA and triglycerides. However, it is worth
noting that the transesterification process using acid catalysts is typically slower,
requiring longer reaction times to achieve high biodiesel conversion.

Due to the slower reaction kinetics, homogeneous acid catalysts are not
commonly employed in single-step biodiesel production processes. Instead, they are
often utilized for pretreatment purposes. Several studies have reported biodiesel yields
exceeding 90% in homogeneous acid-catalyzed transesterification reactions.
However, achieving such high yields typically necessitates prolonged reaction times,
elevated temperatures, larger quantities of alcohol, and increased catalyst loadings
[61]. Table 4 presents a review of some research works that used homogeneous acid

catalysts for biodiesel production.

Table 4. Homogeneous acid catalysis review.

Reaction
Catalyst Feedstock Reaction Catalyst (%) /Temp (°C) /A:O i ) Yield (%) Ref
ime
HCI Soybean  Transesterification 10/70/20:1 45 65 [62]
HCI Rice bran  Transesterification 10/70/20:1 6 >90 [62]
H2S04 WCO Esterification 5/60/12:1 3 95.376 [63]
H2S04 WCO Esterification 1/60/14.7:1 1 93.32 [64]
Esterification +
H2S0a4 WCO o 4/95/20:1 10 >90 [65]
Transesterification
Used soya Esterification +
H2S0a4 i o 6.58/65/12:1 10 75.71 [66]
been ol Transesterification
H2S04 Mahua Transesterification 6 (v/v)/65-70/7.5:1 5 92 [67]
H2S0q4 Mahua Esterification 1.24 (viv)/60/0.32(v/Vv) 1.26 >98 [68]
Brown o
H2S0q4 Esterification 1.3 mL/65/35 mL 2 99.4 [69]
grease
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Table 4. Homogeneous acid catalysis review (continuation).

Catalyst Feedstock Reaction Catalyst (%) /Temp (°C) /A:O Tfr:;tlsf Yield (%) Ref
H2SOs4  Microalgae Transesterification 100/30/56:1 4 60 [70]
H2S04 Karanja oil ~ Esterification 1.5 mL/54.5-55.5/6:1 1 87.2 [41]
H2SO04 Rubb(e)zirl seed Esterification 1.38/50/16:1 2 99.3 [71]
H2S04 RUbbjirl seed Esterification 10.74/65/10:1 1 98.6 [71]
H2SOs4 Rubber seed Esterification 0.5/40-50/6:1 0.5 >98 [72]
H2S04 Tobacco  Esterification 1/60/18:1 0.4 91 [73]
H2S04 Soybean  Transesterification 1/65/30:1 69 >90 [74]
H2S04 Microalgae Transesterification 3.361/50/8:1 1 89.58 [60]
H2S04 Castor oil ~ Transesterification 0.2 molar ratio/80/6:1 8 80 [75]
H2S04 Castor oil  Esterification 1/50/20:1 90.83 [76]
H2S04 Castor oil  Esterification 1/50/15:1 2.09 73.27 [77]

Overall, while acid catalysts offer certain advantages in terms of their ability to
handle FFA, their slower reaction kinetics and the need for more rigorous reaction
conditions make them less commonly used in comparison to alkaline catalysts.
Nonetheless, further research is being conducted to explore ways to optimize the

efficiency and feasibility of acid-catalyzed biodiesel production processes.

2.6 Biocatalysts

A search for biocatalysts in the production of biodiesel has become increasingly
popular due to the need for more sustainable and efficient methods of energy
generation. Biocatalysts offer numerous advantages, including high selectivity, low
toxicity, and the ability to operate under milder conditions. By reducing reliance on
traditional chemical catalysts, the use of biocatalysts can significantly lower the
environmental impact of biodiesel production, promoting sustainability in the process.
As such, the search for new and improved biocatalysts continues to be a key focus in
the field of sustainable energy research.

One of the most used biocatalysts for the biodiesel production is lipases.

Lipases, also referred to as triacylglycerol acyl hydrolases, are enzymes with
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remarkable lipolytic properties that have gained prominence as substitutes for
chemical catalysts in modern organic chemistry. Their appeal lies in their wide range
of chemobiological activities, as well as their ability to exhibit substrate specificity,
functional group specificity, and enantioselectivity. Lipases have proven to be valuable
in various organic reactions, including acidolysis, hydrolysis, epoxidation,
esterification, alcoholysis, amination, and transesterification, among others [78].
Lipases present distinct advantages over traditional chemical catalysts in the
production of biodiesel. One notable advantage is their ability to operate efficiently at
ambient temperatures, eliminating the need for high temperature conditions required
by chemical catalysts, as seen in the tables above, most of the reactions were carried
in a temperature that does not meet with a room temperature. So, the lipases are
interesting cause this not only reduces energy consumption but also lowers production
costs associated with heating. Furthermore, lipases exhibit remarkable tolerance
towards various feedstocks, enabling their utilization with diverse raw materials, thus
enhancing the flexibility and sustainability of biodiesel production processes [21], [78].
Lipases can be employed in two distinct forms: immobilized and free. In the
context of biodiesel production, the utilization of immobilized lipase has gained
considerable attention owing to its manifold advantages. As a heterogeneous catalyst,
immobilized lipase offers the unique advantage of being recoverable and reusable, in
contrast to free lipase which is challenging to recover. The substantial cost associated
with lipases further underscores the significance of recovery and reuse as pivotal
considerations. The most evident disadvantage of these types of catalysts is the
reaction rate, which tends to be lower compared to chemical catalysts. Moreover,
immobilized lipase exhibits enhanced thermal stability, rendering it more amenable to
practical applications, especially at elevated temperatures. In the research study
documented in [14] it was concluded that free lipase does not offer any discernible
advantages over immobilized lipase in the specific context of biodiesel production.
Notably, immobilized lipases not only demonstrate superior biodiesel conversion
efficiency but also exhibit wider operational flexibility encompassing pH and
temperature ranges. Table 5 displays the advantages and disadvantages of using

immobilized lipases and free lipases.

13



Table 5. Comparison between use of different types of lipases as catalysts.

Free Lipase Catalyst Immobilized Lipase Catalyst
[79], [80], [81], [82], [83] [84], [85], [86], [87]
Reaction Rate Low Low
Catalyst Recovery Difficult Easy
Catalyst Reuse Difficult Easy
Cost High Moderate

Purification of biodiesel Easy Easy
Biodiesel Yield High High

Adapted from [14]

2.6.1 Green immobilized lipases

The issue of enzyme recovery in free lipase systems can be effectively
addressed by immobilizing the enzyme onto a solid support. When in their "solid" state,
lipases exhibit low contamination in the reaction medium, resembling traditional
heterogeneous catalysts. They also demonstrate increased resistance to external
factors compared to their unsupported counterparts. There are several techniques
available for lipase immobilization, with the most popular ones being encapsulation,
adsorption, covalent binding, and cross-linked enzyme aggregates and crystals.
However, these techniques often employ petroleum-derived immobilizing agents,
which can contribute to environmental concerns when the catalyst is disposed of after
use. Thus, simply substituting chemical catalysts with biological ones does not fully
address the issue if the immobilizing agents themselves are derived from petroleum
sources. In this regard, organic immobilizing agents can be employed as alternatives,
as they do not pose the same environmental disposal concerns [78], [88].

Therefore, the use of solid supports for lipase immobilization provides a
practical solution to enhance enzyme recovery and minimize environmental impact. By
employing organic immobilizing agents instead of petroleum-derived ones, the overall
sustainability of the immobilization process can be improved, making it more

compatible with the principles of green chemistry and biocatalysis. Table 6 presents
14



some techniques used and the corresponding supports employed in the production of

bioimmobilized lipases.

Table 6. Green immobilized catalyst review.

Lipase Technique Sustanability metric Product Yield Cycles Ref
Rice straw modified with Fe203
) nanoparticles for lipase Use of rice straw as lipase
T. lanuginosus o . ) 83% FAME 10 [89]
crosslinking with carriers
glutaraldehyde.
Submerged fermentation of
) ) myceliumbound lipase in Fungi cells cultivated in
Aspergillus niger ) ) 96% FABE Several [90]
cornmeal, molasses, waste agroindustrial waste
cooking oil, milk serum, etc.
Magnetic cross-linked enzyme Replaced glutaraldehyde
Aspergillus oryzae aggregates (nCLEAS) co-fed with bovine serum 95% FAME 5 [91]
with bovine serum albumin. albumin
Tannic acid-magnetic cross- )
) _ ) ) Using starch as
Candida antarctica linked enzyme aggregates with ) 85.9% FAPE 7 [92]
) crosslinker
starch as crosslinker.
. Genipin for cross-linking Use of genipin, a fruit
Porcine pancreas )
i chitosan beads towards extract, as a 92.3% FAME 10 [93]
Ipase . I :
immobilization. glutaraldehyde substitute
Adsorption immobilization in
) Use of glycerol, a
polyurethane foams obtained o
) _ _ biodiesel byproduct and
T. lanuginosus from bio polyol enzymatic ) 66% FAME 6 [94]
_ _ castor oil for polyurethane
glycerolysis of castor oil and i
synthesis
glycerol.
CLEA preparation onto octyl-
) . modified mesocellular foams Oxidized sodium alginate
Candida antarctica 89.0% FAME 5 [95]

with oxidized sodium alginate.

was used to substitute
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2.7 Nanocatalyst

Nanocatalysts have recently been studied for their high selectivity, activity,
efficiency, and potential for reuse, thereby reducing operation costs. The use of
nanocatalysts is gaining attention due to the challenges associated with
heterogeneous catalysts, which rely on their surface area and particle shape to drive
reactions with high yields. Nanocatalysts overcome these issues by possessing a high
surface area and significant porosity. Additionally, nanocatalysts enable reactions to
occur at non-extreme temperatures with relatively short reaction times, depending on
the intended purpose of the study [96], [97].

Nowadays, two types of nanocatalyst are being studied: magnetic and

nonmagnetic.

2.7.1 Magnetic nanocatalysts

At present, attractive nanocatalysts are preferred over mass catalysts. This is
due to the lack of mass exchange resistance and rapid deactivation, as well as the
high recovery rate within the department. Attractive functionalized magnetic
nanocatalysts are getting more attention for biodiesel production. Its high recovery is
attributed to its magnetic separation capability, eliminating the need for equipment-
intensive techniques or filtration, thus simplifying the recovery process. This also
contributes to its environmentally friendly nature, as the disposal can be easily and
properly carried out [97]. Most magnetic hanocatalysts are mixed with iron oxides, with
the variation lying in the additional components that are mixed in. The most common
among them is calcium oxide, which can be obtained from various sources, as
mentioned in the topic of heterogeneous basic catalysts above.

Table 7 shows some magnetic nanocatalysts there are used in biodiesel

production.
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Table 7. Magnetic nanocatalyst review

Catalyst Temperature . Biodiesel
Feedstock Catalyst M:O Time (h) Ref

(%) (°C) Yield (%)
Chicken Fat CaO/CuFe 3 70 15:1 4 94.52 [98]
Jatropha oil  CaSO4/Fe203-SiO2 12 120 9:1 4 94 [99]
Rapeseed oil K-Fe304-CeO:2 4.5 65 71 2 96.13 [100]
Soybean oil CaO@y-Fez20s 2 70 15:1 3 98.8 [101]
Chicken Fat AC/CuFe:03@CaO 3 65 12:1 2 95.6 [102]
Soybean oil  Fe304s/MCM 41/ECH/NazSiO3 3 - 25:1 8 99.2 [103]
Soybean oil  MgFe20:@CaO 1 70 12:1 3 98.3 [104]
Soybean oil CaO/CoFe204 1 70 15:1 5 87.4 [105]
Sunflower oil  CsH2PW12040/Fe-SiO2 4 60 12:1 4 81 [106]
Sunflower oil  Cs/All FesOa 6 58 14:1 2 94.8 [107]
Seed ol CaO- Fes30q 10 65 20:1 5 69.7 [108]
Canola oil ZnO/BiFeO3 4 65 15:1 5 95.43 [109]
Soybean oil  Fes0.@Gly 15 65 15:1 3 95.8 [110]
Sunflower oil MgO/MgFe204 4 110 12:1 4 91.2 [111]

Adapted from [112]

2.7.2 Nonmagnetic nanocatalysts

The main difference between non-magnetic and magnetic catalysts lies in their
recovery process. Magnetic catalysts offer the advantage of lower total production
costs due to their efficient recovery. However, non-magnetic catalysts can also be used
in production. The most commonly used non-magnetic nanocatalysts in biodiesel
production include metal oxides, sulfated oxides, hydrotalcite, zeolites, and zirconia.

Examples of catalysts can be seen in Table 8.

Table 8. Nonmagnetic nanocatalyst review.

Catalyst Temperature . Biodiesel
Feedstock Catalyst M:O Time (h)
(%) (°C) Yield (%)
Mesua ferrea oil Co/zZznO 25 60 9:1 3 98.03 [113]
Palm oil NaAlO2/y-Al203 10.89 64.72 20.79:1 3 97.65 [114]
Castor oll Ni-doped ZnO 11.07 55 8:1 1 95.20 [115]
Waste oil Na20 impregnated-CNTs 5 90 20:1 4 97.6 [116]
Soybean oil ZrO2 loaded with KC4H504¢ 6 60 16:1 2 98.03 [117]
Chinese tallow seed oil KF/CaO 4 65 12:1 25 96.8 [118]
Soybean oil KNa/ZIF-8 - 100 10:1 35 98 [119]

Adapted from [97]
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2.8 Advantages of each catalyst

Considering each author's purpose and objective in conducting reactions for

biodiesel production, whether using transesterification or esterification processes, an

economic and chemical analysis should be performed to optimize the goals of each

study. Therefore, Table 9 illustrates the advantages and disadvantages of each

catalyst presented in the aforementioned topics.

Table 9. Comparison between different types of catalysts.

Type of catalyst

Advantages

Disadvantages

Heterogeneous

Basic Catalyst

Heterogeneous
Acid Catalyst

Homogeneous

Basic Catalyst

Homogeneous
Acid Catalyst

Easy separation, catalyst reuse, good selectivity,

low activation energy, and low-cost sources (CaO)

Prevents saponification, promotes FFA formation,
ease of catalyst reproduction and regeneration,
transesterification and esterification occur

Low cost, high conversion, low activation energy,

easy accessibility

High yield in biodiesel production, prevents

saponification

High selectivity, low toxicity, low activation energy,

The catalyst can be poisoned when
exposed to atmospheric air during

preparation (CaO)

Slow reaction, high activation energy

Not environmentally friendly, cannot be

reused, requires several washes

Low reaction rate, cannot be reused,

corrosive, high activation energy

Moderate/high cost, low reaction rate,

Biocatalyst ) T )
high yield in biodiesel production depends on the type of alcohol
High surface area, facilitated separation
Nanocatalyst  (magnetic), low toxicity, environmentally friendly, High cost in its preparation
low activation energy, fast reaction
2.9 Biodiesel Purification

Several requirements must be fulfilled for biodiesel must be followed for

biodiesel to be used in vehicle engines, as after biodiesel production, it contains

impurities such as glycerol, residual alcohol, and solid impurities depending on the oll

used for its production. These requirements may vary depending on the location, with
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EN 14214 being the standard followed in Europe and ASTM D6751 being followed in
the United States [120].

Table 10 provides a comparison of the properties requirements that must be
followed according to each standard

Table 10. Comparison between European and American standards requirements.

Properties EN 14214 ASTM D6751
Composition of Biodiesel Cl2-C22 Cl2-C22
Esters Content [wt/wt] 2 96.5% -
Density at 15 °C [kg/m3] 860-900 -
Viscosity at 40 °C [mm?/s] 3.50-5.00 1.9-6
Flash Point [°C] 2101 2130
Sulphur Content [mg/kg] <10 <50
Carbon Residue [wt/wt] <0.3% <0.05%
Cetane Number = 51 =47
Sulfated Ash [wt/wt] <0.02% <0.02%
Water Content < 500 mg/kg <0.05 % (v/v)
Corrosion Class 1 3h
Oxidative Stability 110°C = 8h 2 3h
Acid Value [mg KOH/qg] <0.50 <0.50
Methanol [wt/wt] =2 0.2% -
Monoacylglycerols [wt/wt] <0.7 -
Diacylglycerols [wt/wt] <0.2% -
Tryacylglycerols [wt/wt] <0.2% -

Free Glycerin [wt/wi] <0.02% <0.2%
Total Glycerin [wt/wt] <0.25% <0.25%
Pour Point [°C] - -15t0 -16
Phosphorus Amount <4 mg/kg <0.001% (w/w)

Cloud Point [°C]

-3to-12 °C

Adapted from [121]
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3. ADSORPTION

Adsorption is a process where molecules, atoms, or ions (adsorbate) adhere to
the surface of a solid or liquid (adsorbent) due to physical or chemical interactions. The
adsorbate is the substance that accumulates on the adsorbent's surface. This process
is crucial in various applications, such as water and air purification, where materials
like activated carbon and silica gel act as effective adsorbents. The efficiency of
adsorption depends on the properties of both the adsorbate and the adsorbent,
including surface area, pore size, and chemical compatibility. Adsorption can be
classified into physical adsorption, which involves weak van der Waals forces, and
chemical adsorption, which involves stronger chemical bonds [122].

Adsorption is widely employed in various industries, particularly for water
treatment, removal of pollutants from a specific compound, catalytic processes, and
more. The adsorption process can be applied to avoid washing in the biodiesel
production process for glycerol removal. In this context, inexpensive materials can be
used for adsorption, which would otherwise be discarded in nature. For instance, in
this study, nut shells will be utilized for the purification of biodiesel using adsorption

process [123].

3.1 Adsorbents for biodiesel purification

To avoid wet washing, adsorption can be used as an alternative to address the
high-water consumption in biodiesel purification. Up to 3 liters of water can be used
per liter of biodiesel produced [120]. In 2022, Brazil produced 6.7 billion liters of fuel
[124], resulting in the usage of 20.1 billion liters of water for production, which
represents a significant amount. Therefore, the utilization of adsorbents in biodiesel
purification is an interesting approach to avoid water waste. These adsorbents can be
derived from inexpensive and disposable raw materials such as banana peels,
sugarcane bagasse, rice husks, mushroom powder, chamotte clay, and others [125].
In their study, [126] employed various natural adsorbents and a commercial adsorbent
called "Select 450®". A comparison was made between the different adsorbents, and
it was demonstrated that some of the natural adsorbents performed better than the
commercial adsorbent, as shown in the table below.

20



Table 11. Some research results of adsorption for biodiesel purification.

Acidity Index Adsorbent Amount Free Glycerine
Adsorbent
(mg KOH/qg) (w/iv) (%)

Biodiesel Sample 0.172 + 0.027 0.129 + 0.001
Potato starch 0.111 + 0.003 1% 0.006 + 0.003
Potato starch 0.114 + 0.001 2% 0.006 = 0.003
Potato starch 0.106 + 0.004 5% 0.000 + 0.001
Potato starch 0.100 £ 0.009 10% 0.023 £ 0.001
Corn starch 0.120 £ 0.008 1% 0.052 + 0.001
Corn starch 0.106 £+ 0.008 2% 0.007 £ 0.002
Corn starch 0.129 £ 0.001 5% 0.030 £ 0.001
Corn starch 0.104 + 0.008 10% 0.006 + 0.003
Cassava starch 0.099 + 0.001 1% 0.000 = 0.001
Cassava starch 0.099 £ 0.001 5% 0.007 + 0.002
Cassava starch 0.099 £ 0.001 10% 0.022 + 0.001
Rice starch 0.100 £ 0.001 1% 0.000 £ 0.001
Rice starch 0.097 £ 0.002 2% 0.007 £ 0.002
Rice starch 0.100 £ 0.001 5% 0.000 £ 0.001
Rice starch 0.098 + 0.002 10% 0.007 £ 0.002
Celulose 0.097 £ 0.002 1% 0.029 + 0.001
Celulose 0.099 + 0.001 2% 0.015 + 0.001
Celulose 0.099 + 0.001 5% 0.068 + 0.001
Celulose 0.099 + 0.001 10% 0.000 £ 0.001
Select 450@ 0.198 £ 0.001 1% -

Select 450@ 0.101 £ 0.001 2% 0.008 + 0.002
Select 450@ 0.093 + 0.005 5% 0.047 £ 0.001
Select 450@ 0.099 + 0.002 10% 0.008 + 0.002
Limit EN 14214 0.5 0.02

Adapted from [126]

3.2 Activated carbons

The use of adsorption using activated carbons obtained from different biomass
wastes can be an alternative adsorbent for biodiesel purification and can be derived
from organic waste materials. In the production of activated carbon, a high
concentration of lignin is desirable due to its high carbon content. Some examples of
organic waste materials used as raw materials for activated carbon include walnut
shells, chestnut shells, rice husks, hazelnut shells, sugarcane bagasse, peanut shells,
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among others [127], [128], [129], [130], [131], [132]. Activated carbons possess a large
internal surface area and a highly porous structure, which results in their high
adsorption capacity. They also have functional groups on their surface, and the
properties of each activated carbon can vary depending on the method of activation,
whether it is chemical or physical. These functional groups can interact with
substances in the solution, potentially altering the pH and influencing the adsorption
process [133].

Chemical activation involves the use of impregnating agents, such as alkaline
substances like sodium hydroxide (NaOH), potassium hydroxide (KOH), calcium
chloride (CaClz), and acidic compounds like phosphoric acid (HzPO4) and sulfuric acid
(H2S04). Metal salts like zinc chloride (ZnCl2) can also be used. One advantage of
chemical activation is that it requires lower temperatures during the preparation
process compared to physical activation, making it more energy-efficient. Additionally,
the impregnating agents used in chemical activation are relatively cost-effective. On
the other hand, physical activation does not rely on chemical impregnating agents to
create pores. Instead, it involves higher operating temperatures, typically ranging from
800 to 1100°C. In contrast, chemical activation can be conducted at lower

temperatures, usually between 400 and 900°C [134].

3.3 Adsorption isotherms

Adsorption isotherms can help with the information about the adsorbent, this
method enables us to draw conclusions regarding the favorability of the adsorption
process in a given experiment. By analyzing the obtained curves and comparing them
to known benchmarks, we can assess whether the adsorption is favorable or
unfavorable under the specific experimental conditions. This information is crucial for
evaluating the effectiveness of the adsorbent and optimizing the adsorption process
for various applications. By knowing the initial adsorbate concentration (Co), the
volume of solution used (V), the mass of the adsorbent employed (m), and the
equilibrium adsorbate concentration (Ce), equation 1 can be derived. This equation
allows for the determination of important parameters in adsorption studies, facilitating

the characterization and optimization of adsorption processes. In this article, we will
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explore the significance of this equation and its implications for understanding
adsorption phenomena.

4= (Co—C) M

By plotting the quantity adsorbed (g) on the y-axis against the equilibrium
concentration (Ce) on the x-axis, an adsorption isotherm can be constructed. As the
name suggests, its experimental measurement should be conducted at a constant
temperature, as temperature can affect the adsorption kinetic constant, thereby
influencing the overall process.

Figure 3 presents some of the typical equilibrium adsorption isotherm shapes
and in Table 12 are presented four of the most commonly used mathematical models

used to describe the experimental adsorption behaviour.

[reversible
Strongly farorable
—_— Favorable
o
I=3 Linear
Unfavorable
C,, (meg/lL)
Figure 3. Most common isotherms shapes.
Source: [135]
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Table 12. Isotherms models (continuation).

Model Equation Parameters
a(g/9)
. abCl! 1 1
. = b [(m m m
Radke-Prausnitz ¢, P [((mg g=")/(mg g~ )"]
m

The Freundlich adsorption isotherm model describes a reversible and non-ideal
adsorption process, suitable for multilayer adsorption on heterogeneous surfaces.

Initially developed for animal charcoal adsorption, the Freundlich model is
widely applied in the adsorption of organic compounds and systems with molecular
sieves or activated carbon. The model's expression highlights the exponential
distribution of active sites and their energies, with the stronger binding sites being
occupied first. This model is applicable to heterogeneous surfaces. The value of 1/n
indicates surface heterogeneity and adsorption favorability: 0 < 1/n < 1 indicates
favorable adsorption, 1/n > 1 is unfavorable, and 1/n = 1 is irreversible [136].

The Sips isotherm model combines the Freundlich and Langmuir models to
predict the heterogeneity of adsorption systems and overcome the limitations of high
concentrations in the Freundlich model. This results in an expression with a finite limit
at high concentrations, adsorption without adsorbate-adsorbate interaction [136].

To describe the biosorption of metal ions by microbial aggregates, Yu Liu and
colleagues proposed a biosorption model using a thermodynamic approach. The
model considers the adsorbed phase concentration (ge), biosorption capacity (Qiu),

fluid phase concentration (Ce) and the equilibrium constant (Kiiu) [137].

Liu presented the equation in their article being:

Qi Co ™
qe = Wecnhu 2
e

liu

The Radke-Prausnitz isotherm model is typically applied in adsorption systems
when the adsorbate concentration is relatively low. This model has been used to
elucidate the adsorption characteristics of micropollutants such as p-cresol and p-

chlorophenol onto activated carbon [138].
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In summary, each adsorption isotherm model has specific characteristics that
make it suitable for different types of systems and adsorption conditions, ranging from
heterogeneous surfaces to specific adsorbate concentrations.

The Table 12 presents the equations of the isotherms models that were selected
to study the experimental adsorption behavior of glycerol on the prepared biomass

adsorbents.

3.4 Adsorption kinetics

Adsorption kinetic models are used to evaluate adsorbent performance and
investigate the mechanisms of mass transfer during adsorption. These models provide
valuable information about the adsorption capacity of the adsorbent. Specifically, "ge"
represents the maximum amount of adsorbate that the adsorbent can retain at
equilibrium, while "gt" denotes the amount of adsorbate adsorbed per unit mass of the
adsorbent at any given time "t". The equilibrium time indicates the point at which the
adsorbent becomes saturated and can no longer adsorb additional molecules.

Some mathematical models, such as pseudo-first order (PFO), pseudo-second
order (PSO) and intraparticle diffusion (IPD), used for fitting experimental data are

shown in the Table 13 below.
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Table 13. Adsorption kinetics models.

Model Equation Parameters
k1 — adsorption rate constant (min™1)
PFO model qr = qe(1 — e~k1t) i )
t - time (min)
e k2 — adsorption rate constant ( 9_ )
PSO model A =Cqe= 17 e
e’z t - time (min)
) kq- Intraparticle diffusion coefficient (%)
IPD Model =k,t2+C
= %a C - Diffusion resistance (%)
a - initial adsorption rate (—=)
1 g.min
Elovich model qt ==In (1 + afst) B - desorption constant (@)
B g

t - time (min)

Source: [123], [139]

Lagergren (1898) was the first to propose the pseudo-first order (PFO) model.
The pseudo-second order (PSO) model was first used to simulate lead adsorption on
peat by [140]. The PSO model was then widely used to describe adsorption processes.
The PSO model was used in the majority of published papers to predict adsorption
experimental data and calculate adsorption rate constants. The intraparticle diffusion
(IPD) model was introduced by Weber and Morris in 1963 to analyze the kinetic data
from the adsorption of some organic compounds on the carbon particles [139]. The
Elovich model was presented in 1962 by Elovich and Larinov. Elovich’s model was
made to represent adsorption from systems gas-solid but in the last decades the model

is being used also for liquid-solid adsorption [123].
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The activation energy involved in the adsorption process can be determined using the
Arrhenius linearized equation (Equation 3), based on the adsorption rate constants

obtained from the pseudo-first and pseudo-second order equations.

E,
Ink=——+1n4 3
RT (3)
k — Kinetic constant (min?);
Ea — Activation energy (ﬁ);
R — Universal gas constant (ﬁ);

T — Temperature (K);
A — Collision Frequency (mint).
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4 EXPERIMENTAL METHODOLOGY

4.1 BIODIESEL PRODUCTION

Biodiesel production was carried out using sodium hydroxide (98% purity) from
Honeywell as the catalyst, along with absolute ethanol from Carlos Erba.

The raw material used was waste cooking oil from the canteen of the
Polytechnic Institute of Braganca. The transesterification reactions took place in a
round-bottom flask attached to a reflux condenser at 30°C, with a 1:7.5 oil/alcohol
molar ratio and 0.5% catalyst load. The feedstock oil was heated to the reaction
temperature, then the ethoxide solution was prepared with sodium hydroxide (0.5%
wt/wt) and added to the oil. The mixture was stirred for an hour. Following
transesterification, the mixture underwent a 60-minute ethanol recovery using a rotary
evaporator (BUCHI — Model R-114) under vacuum (0.150 atm) and a warm bath
(60°C).

After the recovery of ethanol, it was left for 24 hours to allow phase separation

between the biodiesel and the glycerol-containing phase.

Figure 4. Biodiesel post phase separation.
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4.2 BIODIESEL AND OIL CARACTERIZATION

Initially, in this study, characterization of the oil was conducted to assess
whether the raw material to be used would require treatment due to its “dirty” nature,
and also to gain an understanding of what would be employed for adsorption
experiments. Following the oil analysis and biodiesel production, analyses such as
glycerol quantification in the produced biodiesel and the percentage of conversion of
the raw material into Fatty Acid Ethyl Esters (FAEES) were performed.

4.2.1 Determination of Acidity Value

The acidity value was employed to quantify the amount of free fatty acids
present in the sample of used cooking oil. It was also utilized to determine whether the
sample would require esterification treatment before biodiesel production on a larger
scale. The acid value of the oil was evaluated according to the European Standard EN
14140:2003. 1g of the sample was weighed and added to 25 mL of a solvent consisting
of a 1.1 (v/v) mixture of diethyl ether and anhydrous ethanol from Carlos Erba. Five
drops of phenolphthalein were added, followed by titration with a methanolic solution

of KOH. The acid value of the oil was calculated using equation 4.

mg KOH 1% C .MM
A( g )= koH . UkoH KOH (4)

g msample

IA — Acidity value (mg KOH/g);

Vkon — Volume of titrant solution (mlL);

Cxon — Concentration of standard solution (moll);
M Mxon — Molar mass of KOH (g/mol);

msample — Mass of sample (g).
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4.2.2 Determination of FAEES

For this analysis, biodiesel samples were prepared in duplicate using catalyst
concentrations of 0.5%, 0.6%, and 0.7% (wt/wt) to determine the optimal percentage
for the conversion of the olil in fatty acid ethyl esters (FAEES) for scaled-up biodiesel
production. These samples were subsequently analyzed via gas chromatography to
assess the percentage of FAEEs produced.

A GC-FID (Gas Chromatography with Flame lonization Detector) system with
an OPTIMA® Biodiesel F column was utilized for these tests, in accordance with
EN14103:2003 methodology. This study’s methodology used the internal standard
method, which included a specific amount of an ester that was not present in the
created biodiesel. The peak was then used to compare and determine the amounts of
esters in the sample. The internal standard chosen was methyl heptadecanoate (98%
purity), from TCI brand.

For the GC-FID analysis, approximately 250 mg of biodiesel was weighed,
followed by the addition of 5 mL of the internal standard solution at a concentration of
0.02 M. To ensure the absence of moisture in the sample, anhydrous sodium sulfate
was added and allowed to settle. For analysis, 1 mL of the solution was withdrawn and
injected into the GC-FID for analysis.

The operational conditions for GC-FID analyses were a 1 mL/min helium flow,
an initial temperature of 50 °C for 1 minute, and a ramp of 25 °C/min to a temperature
of 200 °C. A second ramp of 3 °C/min was then applied until the temperature reached
230 °C. Each biodiesel sample had a total analysis time of 20 minutes. The injector
temperature was kept at 250 °C using a split ratio of 1:25, and the detector was set to
the same temperature.

The equipment conditions for the analysis were as follows: a helium flow rate of
1 mL/min, with an initial temperature set at 50°C for one minute, followed by a ramp of
25°C/min until reaching 200°C. A secondary ramp of 3°C/min was then applied to
ensure temperature control until reaching 230°C. Each analysis was allowed to run for
20 minutes. The injector temperature was maintained at 250°C, and the detector was

held at the same temperature.
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4.2.3 Derivatization of Fatty Acids using BFs

The derivatization of fatty acid esters using boron trifluoride dehydrated (96%)
from Sigma-Aldrich was employed to assess the distribution of fatty acids present in
raw materials for biodiesel production. Initially, derivatization was conducted, involving
the conversion of triglycerides and fatty acids in the sample into methyl esters or ethyl
esters, followed by the identification of these compounds through gas chromatography.

In a 20 mL flask, 50 mg of the sample and 2.5 mL of a 0.5 M ethanolic solution
of KOH were weighed. The mixture was then placed in an oven at 90°C for 10 minutes,
cooled to room temperature, and subsequently, a 1:10 (v/v) ethanolic solution of BF3
was added to the sample (2 mL) and placed in the oven again at 90°C for 30 minutes.
Afterward, it was removed and allowed to cool to room temperature.

Following these steps, 3 mL of internal standard (methyl heptadecanoate)
solution with a concentration 0.02 M was added to the sample and thoroughly mixed
for homogenization. Subsequently, 2 mL of a sodium chloride solution was added and
mixed again. After all these steps, the sample was centrifuged for 5 minutes at 3000
rom to ensure complete phase separation. Then, 2 mL of the upper phase was
extracted for analysis using GC-FID, enabling the determination of the molecular
weight of the oil used to proceed with biodiesel production according to equation 5
[141].

MM =3 *L+ 38.049

2 (Mfl‘i/li) X

Where:
MM — Molar mass (g/mol);
fi — Mass fraction of fatty acids;

MM; — Molar mass of each fatty acid (g/mol)
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4.2.4 Determination of reaction Yield

The conversion of the raw material into biodiesel can be calculated using

equation 6.
my; . WFAEE
C(%) — light phase (6)
raw material
Where:
C — Yield (%);

Myigne prase — Mass of light phase (g);
%FAEE — Percentage of FAEE (%);

My qw materiai — Mass of the raw material (g).
4.2.5 Glycerol quantification on raw material

For the quantification of glycerol, the use of a gas chromatography column
operating at 350°C is recommended [138-140]. However, in this work, an alternative
methodology was adopted, which employs indirect quantification using UV-VIS and
sodium periodate. This reacts with glycerol to form a yellowish complex.

The methodology utilized [142] involves the oxidation of glycerol in the presence
of sodium periodate, leading to the formation of formaldehyde, followed by the reaction
with acetylacetone in the presence of ammonium acetate. This results in the formation
of the molecule 3,5-diacetyl-1,4-dihydrolutidine, which imparts a yellowish coloration.
Consequently, the quantity of glycerol in the sample can be analyzed using UV-VIS
spectroscopy at a wavelength of 412 nm. The molecular structure is depicted in Figure
5.

0 0
HaC™ N "CHs

Figure 5. Chemical structure of 3,5-diacetyl-1,4-dihydrolutidine.
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For the reaction, the following reagents were used: Sodium periodate from
Honeywell, ammonium acetate 98% from Sigma-Aldrich, acetic acid 99.8% from
Honeywell, n-Hexane 99% HPLC-isocratic from Carlo Erba, acetylacetone 99% from
Sigma-Aldrich, and ethanol 96% from Carlo Erba.

Five solutions were prepared for the reactions, with the first being a 1:1 (v/v)
solution of 96% ethanol and ultrapure water. Ultrapure water was chosen to minimize
interference in the analysis results. This solution was used as a solvent in the glycerol
oxidation reaction and also for glycerol extraction from biodiesel. For the extraction, 4
mL of this solution and 4 mL of n-Hexane were used per 0.2 g — 1 g of biodiesel
analyzed. Subsequently, centrifugation was performed at 2100 rpm for 15 minutes to
achieve complete phase separation. The denser phase (ethanol) settled at the bottom,
containing the extracted glycerol, while the upper phase contained impurities extracted
by hexane.

Additionally, solutions prepared with ultrapure water included 1.6 M acetic acid
and 4 M ammonium acetate solutions for the reactions. According to [142], these
solutions are stable for weeks, so they were stored during the analyses. However, the
solutions of 0.2 M acetylacetone and 10 mM sodium periodate needed to be prepared
daily. The acetylacetone solution was prepared by mixing 200 pL with 5 mL of 1.6 M
acetic acid solution and 5 mL of 4 M ammonium acetate. Meanwhile, the sodium
periodate solution was prepared by dissolving 21 mg in 5 mL of 1.6 M acetic acid
solution and 5 mL of 4 M ammonium acetate.

After preparing the solutions and centrifuging the biodiesel samples, the upper
phase of the centrifuged sample is removed, and 0.5 mL of the phase containing the
extracted glycerol is withdrawn for analysis. Following the collection of 0.5 mL aliquots
from each sample, 1.5 mL of the 1:1 (v/v) ethanol/water solution is added to serve as
the reaction solvent. Subsequently, 1.2 mL of the prepared sodium periodate solution
is added and agitated for 30 seconds. Then, 1.2 mL of acetylacetone is also added,
and the mixture is placed in a hot water bath at 70°C for one minute. At this point, 3,5-
diacetyl-1,4-dihydrolutidine is formed, and the reaction is halted by transferring the
samples to a cold-water bath. Subsequently, the samples are analyzed using UV-VIS

spectroscopy.
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Figure 6. Methodology for quantification of glycerol using UV-Vis spectrometry after derivatization
[142].

4.3 ADSORBENTS

This thesis will focus on walnut shells as the raw material for activated carbon
production. The choice was made due to the abundance of walnuts in Portugal. Among
dried fruits, walnuts rank third in terms of production in Portugal. Additionally, the aim
is to add value to walnut shells as a waste product [143]. This section will address the

three methodologies adopted for the production of the three types of charcoal.

4.3.1 Physical Activated Carbon

The initial step involved the physical activation of the precursor at 800°C in a
Thermolyne muffle furnace for one hour, with a heating rate of around 10°C/min.

Following activation, both samples were subjected to washing until reaching a pH of
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6-7, followed by drying in an oven at 105°C for 24 hours. These washing and drying
procedures were repeated for all subsequent activations conducted. After this period,

physical activated carbon underwent maceration to reduce particle size.

4.3.2 HsPOa4Activated Carbon

For the production of chemically activated charcoal with HsPOa, a mass ratio of
1:1:2 was utilized for the adsorbent, acid, and water, respectively. Following the
mixture, it was left in an Erlenmeyer flask for 24 hours for the impregnation phase. In
the subsequent step, the sample was subjected to carbonization at 500°C for 1 hour
with a heating rate of 10°C/min. Following this, the activated carbon was washed until
reaching pH 7 and placed in an oven to dry for 24 hours at 105°C. After this period,

the H3PO4 activated carbon underwent maceration to reduce particle size.

4.3.3 NaOH Activated Carbon

In the manufacturing process of chemically activated carbon with NaOH, an
adsorbent-to-base-to-water mass ratio of 1:1:2 was applied. After blending the
components, the mixture was allowed to undergo an impregnation phase in an
Erlenmeyer flask for 24 hours. Following this, the sample underwent carbonization at
500°C for 1 hour, with a heating rate of 10°C/min. The pH of the product was adjusted
to reach 7 and then dried in an oven at 105°C for 24 hours. After this period, NaOH

activated carbon underwent maceration to reduce particle size.
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Figure 7. Preparation and activation of three different biomass-based adsorbents.

4.4ADSORBENTS CHARACTERIZATION

4.4.1 Particle size distribution

This analysis was performed on ground walnut shells using an electromagnetic
sieve shaker from the Geotechnical Laboratory of the Polytechnic Institute of Braganca
(IPB). The sieves used had openings of 40, 50, 100 and 200 mesh. For this analysis,
equation 7 was employed to calculate the results.
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1 )

Where:

dgs — Average Sauter diameter (mm);
x; — Retained mass fraction;

D; — Average opening diameter (mm).

4.4.2 Point of Zero Charge (PZC)

The determination of the point of zero charge was conducted using 10 data
points. For this experiment, 10 Erlenmeyer flasks were prepared, each containing 20
mL of a NaCl solution with a concentration of 0.05 M. pH adjustments were made from
2 to 12. These adjustments were performed using 0.1 M HCI| and 0.1 M NaOH
solutions, with pH measurements carried out using a calibrated pH meter.
Subsequently, 150 mg of the adsorbent was introduced into each flask, followed by
agitation on an orbital shaker at 160 rpm for 24 hours at 20°C.

After the agitation period, the pH of the final solution in each of the 10

Erlenmeyer flasks was measured and compared with their initial pH values.

4.4.3 Textural properties

The samples underwent analysis at the Laboratorio Multiusuario de Apoio a
Pesquisa do Campus Apucarana (LAMAP) at the Universidade Tecnolégica Federal
do Parana. Subsequently, the samples were subjected to degassing at 120°C for a
duration of 16 hours. Surface area determination was performed utilizing the BET
model (Brunauer-Emmett-Teller), while pore size distribution was assessed using the

DFT method (Density Functional Theory).
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4.4.4 Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier transform infrared spectroscopy analysis was carried out on a
PerkinElmer FTIR-ATR Spectrometer Spectrum two, as shown. Tablet samples of the
adsorbents were made by combining roughly 2 mg of the substance with 200 mg KBr.
The device used a range of 450 cm™ to 4000 cm to qualitatively identify functional

groups in materials.

4.4.5 Thermogravimetric analysis (TGA)

The thermogravimetric analysis was conducted at the Multi-User Laboratory for
Research Support (LAMAP) at Apucarana Campus, Federal Technological University
of Parana. A Thermogravimetric Analyzer TGA-50 from Shimadzu was utilized for the
analysis, with Argon employed as the inert gas at a flow rate of 50 mL/min. The heating
rate was set at 10 °C/min, starting from room temperature and gradually increasing
until reaching 800 °C.

4.5 ADSORPTION STUDIES
For the adsorption studies the RMSE (Root Mean Square Error), was used to

calculate the errors in adsorptions studies, as indicated in the three tables. The RMSE

was computed using the equation provided below.

RMSE = jZn_ @_Tyl)z (8)

4.5.1 Adsorption kinetics

The adsorption kinetics were evaluated at three temperatures: 25°C, 35°C, and
45°C. Ten Erlenmeyer flasks were weighed with a percentage of 5% (w/w). Each flask
was sampled at specific time intervals to study the behavior of the kinetic curves. The
sampling times were 5, 10, 15, 30, 60, 120, 300, 360, 480, and 1440 minutes. All
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analyses were performed in duplicate, and the studies were conducted using pseudo-

first order, pseudo-second order, Elovich’s and IPD kinetics.

4.5.2 Adsorption Isotherms

To estimate the adsorption equilibrium, experimental measurements of
equilibrium adsorption isotherms were conducted. Employing a shaker incubator from
Shel Lab, multiple batch experiments were carried out at the optimal temperatures
identified through the kinetics analysis for each activated carbon sample. These
experiments ran for 420 minutes at 160 rpm. Within 250 mL Erlenmeyer flasks, the
adsorbent concentrations evaluated were 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 1%, 2%, 3%,
5%, 7%, 9% and 10% (wt/wt). Upon completion of each experiment, the adsorbent was
separated from the biodiesel through filtration. Concentration analysis was conducted
in duplicate. Freundlich, Sips, Liu, and Radke—Prausnitz models, were evaluated to

find the best fit for the experimental data.
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5 RESULTS AND DISCUSSION

5.1BIODIESEL AND OIL CARACTERIZATION

5.1.1 Determination of acidity value

Before commencing any part of the work, it was essential to measure the acidity
value of the reused cooking oil intended for biodiesel reactions. If the acidity value of
the oil exceeds 2 mg KOH/g, the biodiesel would need to undergo a pretreatment with
an alkaline catalyst in excess [144]. The value obtained was 0.836 + 0.027 mg of
KOH/g of crude oil, a value much lower than 2, indicating that pretreatment was

unnecessary and the oil could be used for the biodiesel production.

5.1.2 Derivatization of fatty acids by BF3

BFs derivatization was employed to analyze the distribution of fatty acid esters
in the used waste cooking oil (WCQO). The WCO sample was derivatized using BFs
with ethanol. Subsequently, GC-FID analysis was conducted to verify the presence of
the primary FAEEs in the used oil feedstock. It was observed that all the targeted FAEE
compounds had been shown within 20 minutes of the chromatographic run. The weight
percentage of each ester is presented in Table 14. The FAAEs were identified with the
Table B1 in the Appendix B.

Table 14. Identification of fatty acids in the WCO sample.

Retention Chemical Esters Percentage of FAEEs

time (min) formula (Wt%)
12.363 C16:.0 Palmitic acid ethyl ester 10.89 £ 0.60
15.094 C18:0 Stearic acid ethyl ester 3.66 +0.14
15.466 C18:1n9(c+t) Oleic acid ethyl ester, Elaidic acid ethyl ester 32.51+2.56
16.264 C18:2n6(c+t)  Linoleic acid ethyl ester, Linolelaidic acid ethyl ester 47.81 + 1.67
17.308 C18:3n3 alpha-Linolenic acid ethyl ester 5.31+0.16
Total 88.44 + 1.86
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Figure 8. Identification of FAEES in biodiesel.

By analyzing the intensity of each peak and its corresponding retention time,
the identification of the FAEESs present in the biodiesel sample, and consequently, in
the WCO, was feasible.

With the percentage of FAEEs and their identification, it is possible to calculate
the molecular mass of the oil using the equation 5. The molecular mass of the oll
obtained was 913.62 g/mol, which approximately agrees with the molecular value of

sunflower oil [145].

5.1.3 Determination of FAEEs

The results of the preliminary results for the biodiesel production in large scale
are presented in the Figure 9.
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Figure 9. FAEEs mass content in the produced biodiesel.

Besides being similar with 0.6% (88.51+0.02) the result with 0.5% (89.52 + 0.02)
were slightly better with less catalyst. So, the 0.5%(wt/wt) catalyst quantity was
chosen. The decrease in biodiesel conversion with increasing catalyst percentage can
be attributed to the observed increase in saponification of glycerol during the
decantation phase for the separation of biodiesel and glycerol phases as the catalyst

concentration in the reaction medium increased.

5.1.4 Determination of reaction yield

Using Equation 6 the yield of biodiesel production was calculated with 0.5%
catalyst, a molar ratio of 1:7.5 of oil/alcohol at 30°C. The reaction yield reached values
of 84.57%. This result underscores the efficiency of the transesterification process
under the specified conditions, indicating a substantial conversion of feedstock into
biodiesel.

5.2 ADSORBENTS PRODUCTION

5.2.1 Yield of activated carbon production
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The production of carbons followed the flowchart presented in Figure 6. Table

15 below shows the yield of production for the 3 carbons studied.

Table 15. Yield of activated carbon production results.

Activated Carbon Global Yield
Physical 20.55%
H3PO4 59.74%
NaOH 34.86%

Chemical activation with orthophosphoric acid and sodium hydroxide results in
higher carbonization yields, likely due to the lower activation temperatures used in both
methods, specifically at 500°C. In contrast, the physically activated carbon
demonstrated a yield of 20.55% at 800°C. This yield is deemed acceptable, especially
considering that the carbonization process occurred without inert gas, resulting in
greater material loss due to small amounts of oxygen in the system and also, physically
activated carbon was activated at a higher temperature, which can result in the
degradation of several compounds that did not occur in chemically activated carbon
[122].

5.2.2 Particle size distribution

The particle size distribution of the solid was determined following the grinding
of the nutshell. Table 16 displays the results, including the Sauter diameter, which
corresponds to 0.1983 mm. The Sauter diameter represents the average particle

diameter.

Table 16. Particle size distribution results.
Mesh  Diameter Retained Mass (g) Pass accumulated % Retained

40 0.42 54 73.53% 26.47%
50 0.297 3.97 80.54% 19.46%
100 0.149 6.93 66.03% 33.97%
200 0.074 2.23 89.07% 10.93%
Bottom - 1.87 0.00% 100.00%

5.2.3 Point of zero charge (pHrzc)

Table 17 displays the outcomes of the activated carbons produced. pHpzc

analyses offer insights into the surface properties of the adsorbent. Consequently,
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based on the adsorbate’s properties, an optimal pH for the solution can be determined,

enhancing the adsorption process.

Table 17. pHpzc results.

Activated Carbon pHpzc
Physical 9.59 + 0.29
H3POq4 2.59 +£0.33
NaOH 10.20 £ 0.02

The results indicated that the physically activated carbon at 800°C exhibited
basic characteristics, as its pHpzc was 9.59 + 0.29. The chemically activated carbons
showed consistent results. The carbon activated with phosphoric acid had a pHpzc of
2.59 + 0.33, and the carbon activated with sodium hydroxide had a pHpzc slightly more
basic than the physically activated carbon. The value obtained was 10.20 + 0.02

However, the pHpzc analysis of each carbon may not be applicable since pH
changes were not implemented in the adsorption assays. One could analyze which of
the carbons had the highest glycerol removal and associate it with its pHpzc result, or
provide information for other researchers seeking insights into walnut shell activations
and planning to implement pH changes in the studied medium. Comparing the pHpzc
result obtained with [2], [3], where their carbons were used for glycerol removal in
biodiesel, neither of them achieved the best outcome with the most acidic carbon, as

was the case in this study.

5.2.4 Textural properties
The results of the textural properties are shown in the Table 18. The analysis of
surface area, micropore area, pore volume, and pore diameter indicate significant

differences among the different adsorbents.

Table 18. Textural properties of the studied activated carbons.

Surface area

Adsorbent Micropore area (m?/g) Pore volume (cm3/g) Pore diameter (nm)

(m2/g)
Physical AC 426.667 338.558 0.2236 24412
HsPO4 AC 345.689 318.422 0.1723 2.2436
NaOH AC 2.695 0.049 0.011 18.09
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The physical activated carbon showed the highest surface area and micropore
area, indicating a highly developed porous structure. The HzPOas-treated activated
carbon also exhibited good properties, with a surface area of 345.7 m?/g and a
micropore area of 318.4 m?/g. However, the NaOH-treated activated carbon showed
very low values compared to the other two adsorbents, with a surface area of only 2.7
m2/g and a micropore area of 0.049 m#/g, indicating a significantly less developed
porous structure, although your pore diameter was significantly higher than the others.
This can be attributed to sodium hydroxide being a strong base, which will interact
more vigorously with the surface of the adsorbent, leaving larger pores and a smaller
surface area. [146] research yielded comparable results to those obtained for the
NaOH-treated activated carbon based on walnut shell, with a surface area of 2.095
m?/g and a pore diameter of 32.64 nm. [147] research also demonstrated similarities
to the activated carbon treated with Ha3POa4, showing a surface area of 420.5 m?/g and
a pore diameter of 2.25 nm. The physically activated carbon from [148] exhibited a

surface area of 368.95 m?/g and a pore diameter of 2.46 nm.

Table 19. Some textural properties of walnut activated carbons from literature.

Adsorbent Surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm) References
Physical AC 368.95 0.16 2.46 [148]
HsPO4 AC 420.5 - 2.25 [147]
NaOH AC 2.095 - 32.64 [146]

5.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
In Figure 10, the results of the FTIR analysis for the three produced carbons

and also for the raw walnut shell are presented.
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Figure 10. FTIR results for the three activated carbons and the raw material.

The bands observed at 593 cm! can be attributed to C-H vibrations occurring
at the periphery of aromatic rings present in lignin. Meanwhile, the bands observed at
865 cm! may arise from N-O bending within aromatic groups, which could form during
the carbonization process of the material and undergo chemical reactions with
atmospheric constituents. [149]. The band in 1063 cm™ can be associated with C-O
deformation and cellulose aliphatic ester [150]. The band in 1386 cm™ C-H vibration in
plane of methyl and methylene groups [151]. The band in 1619 cm! can be attributed
to vibration in aromatic ring that are found in cellulose, lignin and hemicellulose [152].
The band in 2836 cm™ and 2935 cm* can be attributed to C-H vibration [149], [152]
and the band in 3417 cm is attributed to O-H stretching vibration that are presented
in the lignin [149], [150], [152].

5.2.6 Thermogravimetric analysis (TGA)

The results derived from the TGA analysis are illustrated in Figure 11 alongside
the first derivative curve (DTG). None of the carbons completely degraded their

masses. The physical, acidic, and basic carbons experienced approximately 25%,
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55%, and 60% mass loss, respectively. All carbons exhibited mass loss at around 100
°C due to moisture loss. Chemically activated carbons experienced mass loss from
approximately 400°C to 600°C, attributed to the decomposition of hemicellulose,
cellulose, and part of lignin. This phenomenon was particularly noticeable in the

chemically activated carbons [150].
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5.3 ADSORPTION STUDIES
5.3.1 Adsorption kinetics

The kinetics of adsorption were assessed across three different temperatures 25, 35 and 45°C for each of the three activated

carbons prepared. Figure 12 shows the plots that were fitted for the three activated carbons and the best fitted models.
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Figure 12. Kinetic plot of all activated carbons on their best fitted models.
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Tables 20, 21 and 22 display the fitting parameters for the various models

outlined in Chapter 3.5. All model adjustments were conducted using the OriginPro®

8.5 software.

Table 20. Kinetic data of Physical AC.

Model T (°C) Parameter (Unit) Value Standard Error RMSE
q.(mg g~b) 29.51 0.6875
25 3.4637
ky (min~1) 0.2422 0.0602
qg.(mg g™ 35.19 0.4293
Pseudo-first order 35 1.5048
ky(min™1) 0.4021 0.0977
q.(mg g~v) 35.15 0.6001
45 2.7833
k,(min™1) 0.3160 0.0815
q.(mg g~») 30.28 0.5625
25 1.7940
k,(g mg~tmin™1) 0.0207 0.0059
qg.(mg g™ 35.51 0.4840
Pseudo-second order 35 1.4782
k,(g mg~'min~')  0.0523 0.0228
q.(mg g~») 35.72 0.5964
45 8.5498
k,(g mg~tmin1) 0.0290 0.0106
ky,(mg g~ *min=%5) 0.1833 0.0470
25 2.5226
Cmg g™» 26.21 0.7898
k,(mg g~'min="%)  0.0504 0.0479
IPD 35 8.9574
C(mg g~h) 34.07 0.8051
ky(mg g~ 'min=0%%) 0.1801 0.0359
45 1.4731
Cimg g™» 35.05 0.6038
a (mg g tmin™1) 1.27x108 4.10x108
25 1.0710
B(gmg™) 0.7982 0.1179
a (mg g 'min™1) 3.81x10%5 -
Elovich 35 4.5879
B(gmg™) 1.8403 0.0257
a (mg g 'min™1) 1.06x1012 6.68x1012
45 6.5845
B (gmg™) 0.9305 0.1895
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Table 21. Kinetic data of H3PO4 AC.

Model T (°C) Parameter (Unit) Value Standard Error RMSE
q.(mg g™t 34.90 0.3098
25 0.8316
ky(min~1) 0.5507 0.1335
Go(mg g~ 34.57 0.3721
Pseudo-first order 35 2.1891
ky(min1) 0.5204 0.1439
q.(mg g™t 39.06 1.2611
45 11.4177
ky(min~1) 0.2311 0.0821
qo(mg g~ 35.29 0.2522
25 2.5175
k,(g mg~tmin™1) 0.0684 0.0194
qe(mg g™ 35.04 0.2921
Pseudo-second order 35 1.5299
k,(g mg~tmin~1) 0.0553 0.0156
qo(mg g~ 40.21 1.1360
45 7.0092
k,(g mg~tmin~1) 0.0132 0.0055
ky(mg g tmin=%%) 0.0778 0.0166
25 3.5874
Cimg g™ 33.69 0.2795
k,(mg g~'min=%%)  0.0865 0.0218
IPD 35 4.5453
C(mg g~Y) 33.21 0.3672
ky(mg g *min=%5) 0.1303 0.0012
45 3.4731
Cimg g~ 35.56 0.0335
a(mg g 'min™Y) 8.03x1012 -
25 1.3402
B (gmg™) 0.98 0.0106
a(mg g-'min™1) 3.41x1022 2.31x10%
Elovich 35 6.1685
B(gmg™) 1.65 0.2007
a(mg g 'min™Y) 4.22x1010 4.67x100
45 2.0083
B(gmg™) 0.7850 0.0294
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Table 22. Kinetic data of NaOH AC.

Model T(°C) Parameter (Unit) Value Standard Error RMSE
q.(mg g™ 31.97 0.1645
25 2.2161
ky(min~1) 0.3477 0.0311
q.(mg g™t 26.64 0.8172
Pseudo-first order 35 4.4021
ey (min™1) 0.1336 0.0313
qe(mg g™ 30.46 0.3149
45 7.8731
k,(min™1) 0.6307 0.1972
Go(mg g~b) 32.40 0.3406
25 4.7225
k,(g mg~'min~')  0.0379 0.0095
q.(mg g™ 27.57 0.6330
Pseudo-second order 35 1.9266
k,(g mg~tmin™1) 0.0098 0.0025
Go(mg g~b) 30.84 0.2726
45 2.4692
k,(g mg~'min~')  0.0809 0.0289
ky(mg g *min~%%) 0.0558 0.0561
25 3.5958
Cimgg™) 30.55 0.9428
ky(mg g~ tmin=%%) 0.2124 0.0488
IPD 35 6.4119
Cimg g~ 22.49 0.8632
ky(mg g *min=%%) 0.0641 0.0192
45 1.4217
Cimg g~ 29.51 0.0322
a(mg g 'min™Y) 6.88x1020 1.77x1022
25 2.6638
B(gmg™) 1.6911 0.8255
a(mg g-'min™1) 1.54x10° 2.82x10°
Elovich 35 5.8063
B(gmg™) 0.6353 0.0759
a (mg g~ 'min™1) 2.17x10%8 4.67x10%
45 9.2769
B(gmg™) 0.7850 0.0294

Among the selected models, all presented low value of RMSE. One possible
reason for this could be the choice of analysis times, which were closely spaced,
making it easier for the curve to fit the initial data points. As the temperature increased

for all three carbons, there was an improvement in glycerol removal. In the phosphoric
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acid activated carbon, a significant increase in equilibrium adsorption capacity (qe) was
observed from 35°C to 45°C. For the physically activated carbon, there was a positive
change in ge value from 25°C to 35°C, with a similar value maintained at 45°C. In
contrast, for the NaOH activated carbon, the values did not change to the same extent
with increasing temperature, although an improvement in ge value was observed.

The influence of temperature on adsorption processes is multifaceted. As
temperature rises, there is an augmentation in adsorption attributed to various factors.
Firstly, the increase in temperature leads to a rise in the number of active surface sites
available for adsorption on each adsorbent, alongside enhancing porosity and total
pore volume. Additionally, the decrease in the thickness of the boundary layer
surrounding the sorbent contributes to this enhancement, reducing the mass transfer
resistance of adsorbate. Additionally, temperature adjustments induce changes in the
equilibrium capacity of the adsorbent for a specific adsorbate. Simultaneously,
increasing temperature accelerates the diffusion rate of adsorbate molecules across
both the external boundary layer and the internal pores of the adsorbent particle,
facilitated by the decrease in solution viscosity [153], [154]. For the study of activation
energies, Table 23 presents the results of the linearization used according to Equation
3.

Table 23. Activation energy for the three activated carbons.

AC Model Ea (kJ/mol) R2

) Pseudo-first order 10.7929 0.2920
Physical
Pseudo-second order 13.9236 0.1420
HaPO Pseudo-first order -33.8730 0.7834
T Pseudo-second order -64.2656 0.8313
Pseudo-first order 22.3811 0.1317
NaOH

Pseudo-second order 28.3840 0.1136

For the physically activated carbon, the activation energy (Ea) values calculated
for the pseudo-first and pseudo-second order models are 10.7929 kJ/mol and 13.9236
kJ/mol, respectively. These relatively low activation energy values indicate that the
adsorption process is predominantly governed by physical interactions rather than
chemical reactions. However, it's noteworthy that both models exhibit relatively low
coefficients of determination (R2), suggesting that the experimental data may not fit
perfectly with the theoretical models.
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In contrast, the NaOH activated carbon demonstrates higher activation energy
values for both the pseudo-first order (22.3811 kJ/mol) and pseudo-second order
(28.3840 kJ/mol) models. This indicates that the adsorption process on NaOH
activated carbon involves stronger interactions, possibly indicating a combination of
physical and chemical adsorption mechanisms. Despite the higher activation energy
values, the R2 values for both models remain low, implying that the experimental data
may not be fully explained by the kinetic models [155].

For the H3PO4 activated carbon, the activation energy was determined to be
negative. While a negative activation energy value doesn’t have physical meaning,
according to the Arrhenius equation, for the value to be negative, the rate constant (k),
which represents the adsorption rate, must decrease as the temperature increases.
This behavior was observed in the k values obtained for the H3sPOa4 activated carbon
[156].

Overall, while the activation energy values provide insights into the nature of the
adsorption process, the relatively low coefficients of determination suggest that the
adsorption kinetics of these activated carbons may be influenced by other factors not
accounted for in the kinetic models. Further investigation may be necessary to fully

explain the adsorption mechanisms at play in these systems.

5.3.2 Adsorption Isotherms

The investigation of equilibrium adsorption isotherms was conducted at optimal
temperatures identified in the kinetics studies. For the physical AC, HsPO4 AC and
NaOH AC the better temperatures were 35°C, 45°C and 25°C. Utilizing adsorbent
concentrations ranging from 0.1 to 10% by mass. Experimental data points along with
adjustments using four equation models are depicted in Figures 13 for analysis. Fitting
of the data was performed using Origin Pro® 8.5 software.
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Figure 13. Isotherm plot for the three activated carbons in their best kinetics temperatures results.




The Table 24 presents the parameters adjusted for each isotherm and its

present activated carbon.

Table 24. Isotherm data of all activated carbons on their best kinetics temperatures.

Model AC Parameter Value Stgndard RMSE
rror
. Ky (mg g~")(mg g 84.71 6.2451
Physical 302.4862
ns 0.5654 0.1319
Freundlich HsPOs Ky (mg g™)(mg g™) /" 83485 1050723 _ . nos
ns 0.3459 0.0532
e K, (mg g~(mg g™ /s 52.64 35256 o
ns 0.5820 0.0706
qs (mg g™b 115.05 3.1940
Physical K, (g mg™H"s 17.1489 7.2123 28.0723
ng 5.9915 0.6952
qs (mg g™b 696.79 14.3240
Sips HsPO4 K, (g mg=H"s 47.0510 11.6994  130.4741
ng 9.2423 0.5000
qgs (mg g™h) 114.7375 14.3366
NaOH Ks (g mg=H)"s 1.1318 0.4093 32.1447
ng 3.9372 0.6588
a (g/mg) 92.2899 4.8597
Physical b [(mg g~v)/(mg g~)™]] 7.05x10*  3.79x105  148.6584
m 9.77 5.8437
a (g/mg) 720.2381 20.0203
Radke-Prausnitz ~ HsPOa b[(mg g™Y)/(mg g~ H™] 1.66x10° 1.03x105  321.4113
m 11.56 1.2002
a (g/mg) 68.8733 5.3358
NaOH b[(mg g~v)/(mg g~ )™] 430.5500  367.1998  48.0133
m 5.59 1.8911
Qv (mg g™H) 115.0454 3.1824
Physical K (mg g™) 1.6069 0.0370 28.0723
N 5.9935 0.6852
Quiw (Mg g™) 696.7986 14.2483
Liu H3PO4 Ky (mg g™") 1.5169 0.0106 130.4742
N 9.2431 0.4869
Qv (mg g™H) 114.7428 14.3323
NaOH K (mg g™) 1.0319 0.0900 32.1447
N 3.9369 0.6618
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All selected isotherms were effectively fitted to the data, exhibiting favorable
values of RMSE. The initial choice among these models was the Freundlich isotherm.
The Freundlich adsorption isotherm model is utilized to depict reversible and non-ideal
adsorption processes. Its expression delineates the surface's heterogeneity, along with
the exponential distribution of active sites and their corresponding energies [136].

The subsequent selection involved the Sips model, derived from a combination
of the Langmuir and Freundlich isotherm models. The Sips isotherm model was
developed to account for the heterogeneity observed in adsorption systems and to
address the constraints associated with high concentrations of adsorbate encountered
in the Freundlich model. Consequently, this formulation provides a finite limit at
elevated concentrations. Likewise, both the Freundlich and Sips models exhibit certain
limitations, particularly in failing to accurately predict Henry’s law behavior at low
pressures. Notably, the Sips model demonstrated the most favorable fit among the
isotherms considered in this study [136].

The Liu model was selected due to its combination of Freundlich and Langmuir
isotherms, similar to the Sips model. Consequently, the models overlapped each other
in the observed isotherm graphs. The authors [3], [157] observed the same results as
this work

The Radke-Prausnitz model was selected as the last model for fitting the
experimental data. In 1972, researchers applied this model to elucidate the adsorption
characteristics of micropollutants, including p-cresol and p-chlorophenol, onto
activated carbon. Despite the study's primary focus not being on micropollutants, the
Radke-Prausnitz isotherm yielded a notable value of RMSE, accentuating its efficacy
in accurately representing the experimental data [138].

5.3.3 Glycerol removal

For the studies of glycerol removal, the adsorption kinetics results were
analyzed for the three temperatures described in the kinetic methodology of this work
and for the three types of activated carbons.

Figure 14 shows the glycerol removal in the kinetic analyses with 5% (wt/wt) of

biodiesel for the adsorbent.
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45°C.

According to the graph, only the activated carbon treated with phosphoric acid

at 45°C and a concentration of 5% (wt/wt) met the glycerol removal standards set by
EN 14214 and ASTM D6751. The process stabilized at approximately 300 minutes,

resulting in a glycerol removal percentage of 0.0125%. For the basic activated carbon,

the most effective removal occurred at 25°C, achieving a glycerol removal percentage

of 0.0629% at 300 minutes. In the case of the physical activated carbon, the highest

removal efficiency was observed after 24 hours, with a glycerol removal percentage of
0.0310% in the biodiesel sample.
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6. CONCLUSIONS AND FUTURE WORKS

Biodiesel serves as a renewable and environmentally friendly alternative for
utilization in transportation vehicles and related sectors. Various methods and raw
materials can be employed in the production of biodiesel, and in this study, the
transesterification reaction was conducted utilizing waste cooking oil as the feedstock.
This approach not only provides an alternative to fossil fuel diesel but also offers a
sustainable solution for managing a common residue. Various characterizations of the
oil and biodiesel were conducted, considering the molar mass equivalent to 913.62
g/mol. Following the determination of the molar mass of the oil used, the parameter
identified in a preliminary analysis for achieving the highest conversion into biodiesel
was a catalyst percentage of 0.5%. Subsequently, biodiesel production was carried out
under the parameters of 30°C and an oil/alcohol molar ratio of 1:7.5.

In order to achieve the target glycerol percentage of 0.02% (w/w) in accordance
with EN 14214/ASTM D6751 standards, three activated carbons were prepared for
adsorption assays. All carbons exhibited an affinity for glycerol adsorption; however,
only the phosphoric acid activated carbon at 45°C proved effective with dry washing to
meet the standards, reaching 0.0125% glycerol content, which is 37.5% below the limit
required by both European and American standards. Activated carbons prepared with
phosphoric acid, sodium hydroxide, and physical activation yielded promising results
in terms of surface area characterization and pore diameters, consistent with literature
findings.

Based on the findings, it can be concluded that the adsorption process has the
potential to serve as a substitute for the conventional wet washing method. The
methodology of dry washing was found to achieve comparable levels of purity in
biodiesel. However, the minimum esters content value of 96.5 (wt.%) required for
biodiesel was not reached. This discrepancy does not result from an ineffective
purification process, it is likely attributed to the presence of unreacted triglycerides and
the source of the oil that is not a “clean” oil. Addressing those issues may necessitate
further investigation into the transesterification reaction of the waste oil.

For future research purposes, it may be worthwhile to investigate the initial
treatment of used cooking oil through esterification reaction, followed by
transesterification, to achieve the minimum esters limit in biodiesel. Additionally,
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exploring the replacement of the catalyst utilized in this study with heterogeneous
acidic and basic catalysts, as well as homogeneous acidic catalysts, could provide
insights into whether the conversion of oil to biodiesel yields improved outcomes.
Furthermore, column adsorption studies could be conducted to ascertain if glycerol
removal rates are higher. In this study, only one of the activated carbons, at a specific

temperature, met the standard through dry washing.
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APPENDIX A — CALIBRATION CURVE

Table Al. Calibration curve.

Theorical concentration

Glycerol volume (mL)  Solvent Volume (mL) (mg/mL) Abs
0.05 3.95 2.01x104 0.006
0.10 3.90 4.02x104 0.016
0.15 3.85 6.03x104 0.031
3 0.20 3.80 8.03x104 0.043
% 0.40 3.60 1.61x103 0.075
O 0.50 3.50 2.01x103 0.095
0.55 3.45 2.21x103 0.103
0.60 3.40 2.41x103 0.112
0.75 3.25 3.01x103 0.127
0.80 3.20 6.43x103 0.2225
1.20 2.80 9.64x103 0.4359
1.60 2.40 1.29x102 0.6097
o~ 2.00 2.00 1.61x102 0.8827
qé) 2.40 1.60 1.93x102 1.0275
8 2.80 1.20 2.25x102 1.2383
3.20 0.80 2.57x102 1.4726
3.60 0.40 2.89x102 1.6781
4.00 0.00 3.21x102 1.9068
Source: [2]
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Figure Al. Calibration curve 1.
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APPENDIX B — FAME IDENTIFICATION

Table B1. Gas chromatography FAME identification.

Elution

Order Peak name Peak ID Retention Time
1 Butyric acid methyl ester C4:0 3.621
2 Caproic acid methyl ester C6:0 4,953
3 Caprylic acid methyl ester C8:0 6.25
4 Capric acid methyl ester C10:0 7.416
5 Undecanoic acid methyl ester C11:0 8.007
6 Lauric acid methyl ester C12:0 8.629
7 Tridecanoic acid methyl ester C13:0 9.31
8 Myristic acid methyl ester C14.0 10.084
9 Myristoleic acd methyl ester Cl4:1 10.427
10 Pentadecanoic acid methyl ester C15:0 10.982
11 cis-10-Pentadecanoic acid methyl ester C15:1 11.389
12 Palmitic acid methyl ester C16:0 12.036
13 Palmitoleic acid methyl ester Cl6:1 12.381
14 Heptadecanoic acid methyl ester C17:0 13.263
15 cis-10-Heptadecanoic acid methyl ester Cl7:1 13.662
16 Stearic acid methyl ester C18:0 14.677
17,18 Oleic acid methyl ester, Elaidic acid methyl ester C18:1n9 (c+t) 15.033
19, 20 Linoleic acid methyl ester, Linolelaidic acid methyl ester C18:2n6 (c+t) 15.784
21 gamma-Linolenic acid methyl ester C18:3n6 16.315
22 alpha-Linolenic acid methyl ester C18:3n3 16.891
23 Arachidic acid methyl ester C20:0 18.068
24 cis-11-Eicosenoic acid methyl ester C20:1n9 18.541
25 cis-11,14-Eicosadienoic acid methyl ester C20:2 19.618
26, 30 cis-8,11,14-Eicosatrienoic acid methyl ester, Henicosanoic acid methyl ester C20:3n6, C21:0 20.304
27 cis-11,14,17-Eicosatrienoic acid methyl ester C20:3n3 20.92
28 Arachidonic acid methyl ester C20:4n6 21.276
29 cis-5,8,11,14,17-Eicosapentaenoic acid methyl ester C20:5n3 22.811
31 Behenic acid methyl ester C22:0 23.08
32 Erucic acid methyl ester C22:1n9 23.832
33 cis-13,16-Docosadienoic acid methyl ester C22:2 25.582
34 cis-4,7,10,13,16,19-Docosahexanoic acid methyl ester C22:6n3 25.989
35 Tricosanoic acid methyl ester C23:0 26.629
36 Lignoceric acid methyl ester C24:0 31.164
37 Nervonic acid methyl ester C24:1n9 32.393
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APPENDIX C = KINETICS PLOTS
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The world's energy demands are steadily increasing each year, promoting the exploration of cleaner
and more sustainable alternatives to classical fossil sources. In this context, biodiesel emerges as a
promising candidate for replacing fossil diesel, making a significant contribution to carbon emissions
reduction. One notable advantage lies in the ability to utilize waste cooking oils (WCO) as a feedstock
for biodiesel production. This practice not only mitigates waste but also transforms a previously
underutilized resource into a valuable source of renewable energy, thereby promoting sustainability and
energy efficiency [1].

Currently, 95% of biodiesel production relies on first-hand feedstock due to its high conversion into fatty
acid ethyl esters (FAEEs) or fatty acid methyl esters (FAMEs) [2]. However, this study introduces the
utilization of Waste Cooking Oil (WCQO) as a greener approach to biodiesel production. Biodiesel
production can be achieved through alkaline catalyzed transesterification, with the aim of meeting the
standards specified by EN 14214 at the end of its production process. Therefore, crude biodiesel
obtained from the transesterification step needs to undergo glycerol purification in order to comply with
the norm specification of a maximum free glycerin content of 0.02% (w/w). Hence, the present study
seeks to produce and characterize activated carbons derived from walnut shells, and evaluate its use
in the removal of glycerol from crude ethanolic biodiesel produced from WCO, a possible alternative to
the traditional wet washing process, which results in the loss of between 0.2L to 10L of water per liter of
biodiesel produced [3].

In this work, titration in triplicate was employed to determine the acid value of the oil, quantified as mg
KOH/g of the sample, yielding a result of 0.8355+0.0274. This provided a preliminary assessment for
the determination of the necessary alkaline catalyst percentage which would mitigate parallel
saponification during the transesterification process. The reaction tests, executed in duplicate, included
varying catalyst proportions of 0.5%, 0.6%, and 0.7% (w/w) relative to the processed oil. Gas
chromatography (GC) was employed for the characterization of the produced biodiesel, revealing that a
0.5% (w/w) catalyst load was the optimal choice, providing a consistent average yield of 89.52% in
FAEEs. Biodiesel production is currently conducted via the ethanol route with 1:7.5 oil/ethanol molar
ratio, considering an excess in relation to the stoichiometric molar ratio 1:3 [4]. The research is also
focused on the production of activated carbon materials, involving both chemical and physical activation
techniques. Chemical activations will encompass the utilization of bases (KOH), acids (H3POa),
constituting a pivotal phase in enhancing the overall efficiency and sustainability of the biodiesel
production process.
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