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Abstract: Olive mill residues have been valorized by chemical modification with amines to improve
their adsorption capacity and to be used as a low-cost bioadsorbent for nitrate removal. The Taguchi
method was used to optimize the process. By performing a three-factor analysis with three levels, it
was possible to significantly reduce the number of experiments to be performed and to obtain the best
working conditions. The results of the Taguchi method showed that the highest adsorption capacity
was 110 mg-g~! with a functionalized biomass dose of 1 g-L.~! using an initial nitrate concentration
of 500 mg-L_l. Field emission scanning electron microscopy (FESEM) and Fourier transform infrared
spectroscopy (FTIR) were used to characterize the surface morphology and study the chemical
changes that occurred in the biomass. For the best conditions of the Taguchi approach, the kinetic
and equilibrium aspects of the adsorption process were analyzed. The adsorption isotherms obtained
were successfully fitted to the Freundlich (R% =0.98) and Langmuir (R% = 0.97) models. The kinetics
of the process were studied, and the data obtained fit very well to the pseudo-second-order model
(R? = 0.99). The adsorption values obtained suggest that it is a bioadsorbent with great potential for
nitrate retention in aqueous solutions.
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1. Introduction

Nowadays, of the most worrying environmental problems is the degradation of
the quality of surface and groundwater, as determined by the environmental protection
legislation of the most developed countries. Among the pollutants that have their origin in
anthropogenic activity and are very frequently found in surface and groundwater bodies,
the nitrate ion (NO®~) stands out, which is a ubiquitous pollutant in the environment due
to its high solubility and the difficulty for it to be fixed in the soil [1].

However, in high concentrations it has adverse effects on both humans and the en-
vironment, contributing to the eutrophication of aquatic environments and potentially
increasing blood methemoglobin levels in humans (blue baby syndrome) [2]. The origin
of this pollution lies mainly in poor agricultural practices, especially excessive nitrogen
fertilization and the use of inappropriate forms of nitrogen, as well as inadequate manage-
ment of livestock effluents [3]. Another cause of the increase in nitrate concentration is
poor management of urban effluents.

Numerous methods have been employed for the removal of nitrates present in water,
but none of them alone solve the problem. Nitrate removal technologies can be broadly
divided into two categories: physico-chemical nitrate removal and biological nitrate reduc-
tion [4,5]. Physico-chemical methods are fairly well known and are based on membrane
separation [6,7], ion exchange [8], chemical reduction [9-13] and adsorption [14-16]. Each
of these technologies has its own strengths and drawbacks and their feasibility is weighed
against factors such as application cost, disposal efficiency, the handling of waste generated
and pre-treatment requirements [17].
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In recent years, adsorption technology has been presented as an attractive method
for the removal of contaminants present in aqueous effluents because it is fast, easy to
apply, environmentally friendly and cost-effective [17-19]. To date, a large number of
research and review papers have been published using different adsorbents used to remove
contaminants from water [20-24].

The most commonly used commercial adsorbents to date are activated carbons, in-
organic materials and ion exchange resins, but these materials have the disadvantages of
a high cost, non-selectivity and difficulty of regeneration [19]. Hence, there is an interest
in developing new adsorbents that overcome these drawbacks. In this sense, agri-food
industry wastes are presented as materials with great potential to replace conventional
adsorbents due to their low cost and high availability [19]. For the specific case of nitrate
removal from aqueous solutions, carbon-based adsorbents, natural adsorbents, agricultural
and industrial wastes and various other adsorbents have been used [25-27], although
the main limitations of these by-products to remove pollutants from water are the low
adsorption capacity and regeneration [19,28]. Hence, there is an interest in increasing their
adsorption capacity by different techniques in order to increase the number of active sites.

Nitrate removal by adsorption is based on the interaction that occurs between the
nitrate ion and the adsorbent, which transfers it from the aqueous solution to the adsorbent
surface [2]. The aim of the adsorption process is to have an adsorbent with a high adsorption
capacity and high selectivity for the nitrate ion, which can be achieved by modifying the
structure of the adsorbent. Different methods have been used to modify the surface
of adsorbents in order to improve nitrate retention capacity, including acid treatment
(protonation), grafting of groups (carboxyl, hydroxyl or amine), metal or metal oxide
impregnation and surfactant modification [2].

The selection of parameters, such as pH, initial nitrate concentration, adsorbent dosage,
temperature and contact time, plays an important role in nitrate removal [2,29,30].

When it comes to studying the factors that affect one or more variables of interest, it is
common to find situations in which the number of factors and the number of levels they
can adopt is high. In these cases, carrying out a complete factorial design would involve
a large investment of time and money. Therefore, to solve this problem, Taguchi proposed
the use of orthogonal matrices, which make it possible to drastically reduce the number
of experiments [31]. Moreover, after performing the experimental plan indicated by these
matrices, the method also includes a statistical analysis of the results obtained, giving an
answer to those optimal conditions, which reduces the variability of the process [32,33]. This
method has been used to investigate the adsorption process for the removal of contaminants
in water such as lead [33], cadmium [34], thorium [35], copper and nickel [36].

The first step in carrying out the Taguchi method is to identify the variable of interest,
which in our case would be the nitrate adsorption capacity of the prepared adsorbent. Next,
the factors that affect the adsorption capacity and the different levels they can present must
be selected. Once the experimental results have been obtained, they are transformed into
a measure of variability called signal-to-noise ratio (5/N). This represents the ratio between
the mean (signal) and the standard deviation (noise). Therefore, the higher the S/N, the
better the results, as there will be less variability [15].

To our knowledge, this is the first study on the use of chemically modified olive stone
agri-food waste as an efficient and cost-effective adsorbent to remove nitrate ions present
in aqueous solutions. Therefore, the main objective of this research is to apply Taguchi’s
design of experiments to identify the operational parameters that most influence nitrate
bioadsorption in aqueous solutions when using lignocellulosic biomass from chemically
modified olive stone agri-food waste as an adsorbent, in order to contribute to the circular
economy. In fact, this study achieves a double benefit, on one hand valorizing this agri-food
waste and, on the other hand, obtaining an improved and low-cost adsorbent with high
affinity for nitrate ions. In addition, extensive isothermal and kinetic modeling studies
have been carried out.
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2. Materials and Methods
2.1. Preparation, Chemical Modification and Characterization of the Sorbent

Agro-food waste biomass from olive oil mills in the Region of Murcia, a typical area
of this crop in south-eastern Spain, was used. The starting materials, olive mill residues
(OMR), were washed with distilled water and dried at 70 °C for 24 h before being ground
and passed through a sieve to obtain three powder fractions (0.2-0.5 mm, 0.5-0.8 mm and
0.8-1 mm) for use.

The prepared OMR fractions were subjected to chemical modification [37], with some
modifications to the temperatures used (Figure 1). Twenty grams of each of the particle
size fractions were taken and placed separately into 250 mL Erlenmeyer flasks. For each
flask, 20 mL of epichlorohydrin and 18 mL of N,N-dimethylformamide were first added
and shaken for 1 h at 95 °C. Secondly, 6 mL of diethylenetriamine was added and stirred
for 1 h at 95 °C. Thirdly, 18 mL of triethylamine was added and stirred for 1 h at 95 °C. The
product from each flask was washed with distilled water, filtered, dried for 24 h at 100 °C
and stored in a desiccator for use in adsorption experiments (MOMR).
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Figure 1. Mechanism of biomass activation by grafting of amino groups.
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Surface characterization of the adsorbents before modification (OMR), after chemical
modification (MOMR) and after nitrate retention (MOMR-N) was performed by field emission
scanning electron microscopy (FESEM) and Fourier transform infrared spectroscopy (FTIR).

A ZeissCrossbeam 350 field emission scanning electron microscope (FESEM) (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany) was used to analyze the morphology of
the prepared materials at different magnifications. The SEM observation conditions were
an accelerating voltage of 10 kV and a working distance in the order of 5 mm. The image
was generated with the secondary electron signal (SE Secondary Electron) under variable
pressure conditions (30 Pa). A Zeiss SmartSEM operating system version 6.07 (2020) was
used for image acquisition. In addition, X-ray energy dispersive (EDX) microanalyses and
surface mapping were performed using an Oxford Instrument UK EDX detector and AZtec
software version 5.0.7577.2 (2020).

Using Fourier transform infrared spectroscopy (FITIR), room temperature infrared
spectra were obtained to identify the functional groups present on the surface of the
different sorbents. A Thermo Nicolet 5700 (ThermoFisher Scientific, Karlsruhe, Germany)
was used in the range of 4000 to 500 cm~! and in transmittance mode.

2.2. Experimental Design Using Taguchi

The nitrate adsorption capacity of the prepared adsorbent was selected as the variable
of interest to identify the best experimental conditions with the least variability. The next
step was to select factors that affect the adsorption capacity that we can control in our
experimental assays. Three controllable factors (sorbent dosage, initial nitrate concentration
and sorbent particle size) were considered at three levels (Table 1). To carry out the Taguchi
method, Minitab 19 statistical software was used and an L9 orthogonal matrix was obtained,
with nine different experiments that were initially carried out.

Table 1. Controllable factors and their levels.

Factor Description Level 1 Level 2 Level 3
A Sorbent dosage (g-L_l) 0.5 1.0 2.0
B Initial nitrate concentration (mg-Lfl) 40 200 400
C Sorbent particle size (mm) 0.2-0.5 0.5-0.8 0.8-1.0

According to the Taguchi approach, once the adsorption capacity values are obtained,
they are transformed to a measure of variability called the signal-to-noise ratio (S/N) [15].
The S/N ratio is analyzed to evaluate the experimental results. There are three ways to
calculate the S/N, and the choice of one or the others depends on the variable of interest
to be optimized: (1) smaller is better, (2) nominal is better and (3) larger is better [29]. In
this case, as the adsorption capacity is the variable of interest and we wish for it to be as
high as possible; thus, the S/N rate is taken is the largest is the best, which is calculated by
Equation (1) [23]:

181

S/N = —10 log,, lz<> 1 1)
niS\Yi

where 7 is the number of replicates of each trial and y represents the sorption capacity

obtained in experiment i. An analysis of variance (ANOVA) was used to determine the effect

of factors on sorption capacities [38]. Minitab 19 software was used in the Taguchi approach.

2.3. Sorption Tests

A nitrate stock solution (1000 mg-L~!) was prepared by dissolving KNOj3 in Milli Q
water. The stock solution was diluted with Milli Q water to a certain nitrate concentration
prior to the experiments. The pH was adjusted to pH 7 using NaOH and/or HCI solutions
(0.1 M). Batch sorption experiments were carried out by stirring 100 mL of nitrate solution
at a fixed concentration (Cp) and a known amount of sorbent on an orbital shaker (150 rpm,
24 h) at room temperature. The solutions were then filtered and the residual nitrate
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concentration in the solution was quantified (Ce). Analytical determinations of Cy and Ce
were carried out using a compact UV/VIS ion chromatograph (Agilent 1290 Infinity II LC,
Agilent >Technologies, Santa Clara, CA, USA).

The amounts of nitrate adsorbed at equilibrium (qe), evaluated as mg nitrate/g
biomass used, were determined by the mass balance equation (Equation (2)) from the
values of nitrate concentration in the solution at the beginning (Cy) and at the end of the
test (Co):

(Co—Ce)V

g (mg-g™") = ~——=— @)

where V is the solution volume (L) and m is the sorbent dry weight (g).

2.3.1. Adsorption Isotherm Study

It is of great interest to study the equilibrium data in order to fit different theoretical
models that allow a quantitative description of the adsorption processes.

For the study of the adsorption isotherms, the best conditions obtained according to
Taguchi’s method were used (sorbent dose: 1 g-L~! and fraction: 0.2-0.5 mm). Regarding
the initial nitrate concentration, six solutions were prepared with different concentrations in
the range of 40-400 mg-L~! of KNOj3 and adjusting the pH to 7. The suspension obtained in
each case was placed in an orbital shaker and maintained at 150 rpm and room temperature
for 24 h. The experimental data obtained were adjusted to the desired concentration.
Sample treatment and determination were carried out as described in Section 2.3.

The experimental data obtained were adjusted to the Langmuir and Freundlich
equations to model the adsorption isotherms and better understand the adsorption pro-
cess [33,39].

2.3.2. Adsorption Kinetics Study

For kinetic experiments, 1 g of adsorbent (MOMR of particle size 0.2-0.5 mm) was
mixed with 1000 mL of KNOj solution of 400 mg-L~1. It was kept at room temperature
with constant stirring for 24 h (150 rpm). Samples were taken at the required intervals.
Treatment and determination of nitrate concentrations were carried out as described in
Section 2.3.

3. Results and Discussion
3.1. Optimization of the Taguchi Experiments

Table 2 shows the nitrate removal efficiencies (g.) in each of the experiments per-
formed according to the Taguchi design. Each test condition was repeated three times.
It can be seen that the highest sorption efficiency for nitrate ions occurred in experiment
6 (110 mg-g ). We note that the removal efficiency is strongly influenced by the parametric
conditions employed.

Table 2. L9 orthogonal array for each of the experiments performed and results obtained for nitrate
removal efficiency (qe) and signal-to-noise (S/N) ratio (mean + D; n = 3).

Sorbent . .
RUN Dosage [(NOL] Particle Size e 1 S/N Ratio

(e.L-1) g-L-1) (mm) (mg-g—1)

)

1 0.5 40 0.2-0.5 34 4+02 30.63 + 0.3
2 0.5 200 0.5-0.8 40+ 0.3 32.04 £ 0.2
3 0.5 400 0.8-1.0 40+ 0.2 32.04 £ 0.2
4 1.0 40 0.5-0.8 24 + 0.4 27.60 0.2
5 1.0 200 0.8-1.0 60 + 0.3 35.56 = 0.3
6 1.0 400 0.2-0.5 110 £ 0.5 40.83 = 0.4
7 2.0 40 0.8-0.1 1354+ 0.2 22.61 0.2
8 2.0 200 0.2-0.5 575+ 04 35.19 £ 0.3
9 2.0 400 0.5-0.8 45+ 0.3 33.06 = 0.3
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The S/N ratio for each factor at levels 1, 2 and 3, together with the total increments
(delta values) and ranges, are given in Table 3. In Table 3, in relation to the levels stage,
with the S/N as the desired response characteristic, the particle size employed showed the
greatest influence at level 1. At level 2, the adsorbent dose followed by the initial nitrate
concentration showed the greatest influence, with very similar values. At level 3, it was the
nitrate concentration that showed the greatest influence. The delta value, which represents
the relative influence of each effect [40], shows that it is the initial nitrate concentration that
most affected the S/N ratio.

Table 3. Average of the response characteristic at each level of the signal-to-noise ratio (S/N) factor

(bigger is better).
Level Sorbent Dosage [(I;I?i I)] Particle Size
L1 315 26.9 35.5
L2 34.6 34.2 30.9
L3 30.2 35.3 30.1
Delta 43 8.36 5.48
Rank 3 1 2

In order to easily visualize the variation of the response with the change in the levels
of a parameter, the response curves are presented in Figure 2. The individual effects of the
nitrate adsorption parameters on the sorption capacities (g¢) and the respective S/N ratios
can be studied, and the general trend of the influence of the three factors considered can be
quickly appreciated.

45

==& @S/N 40
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e B |
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15

10
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Sorbent dosage NOj5 concentration Particle size

Figure 2. Effect of factors on qe and the S/N ratio for nitrate adsorption.

The adsorbent dose has an important influence on the adsorption process. On the one
hand, the surface area and the number of active sites increases with adsorbent dose, so
nitrate adsorption should increase with increasing adsorbent dose [41], but on the other
hand, overlapping adsorption sites may decrease the total surface area, thus decreasing
the adsorption capacity with an increasing adsorbent dose [42]. The effect of the adsorbent
dose on the S/N ratio and the gc value indicated an increase in the response curve as the
dose increased from 0.5 to 1 g-L~! and a decrease when the adsorbent dose was increased
to 2 g-L 1. The maximum adsorption, according to the response curve in Figure 2, was
reached for an adsorbent dose of 1.0 g-L 1.
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Nitrate adsorption was significantly affected by the starting concentration, as the
arrival of nitrate ions at the adsorbent surface is influenced by the initial nitrate concen-
tration [41]. The S/N ratio of nitrate adsorption increased as the starting concentration
increased from 50 to 500 mg-L 1.

The particle size of the adsorbent also has a great influence on the adsorption capacity
of nitrate ions, as shown in Figure 3. It is observed that the maximum adsorption capacity
and the highest S/N value is obtained for the fraction between 0.2 and 0.5 mm, since for
this smaller size there is an increase in active sites that would facilitate the adsorption of

nitrate ions [42].

Line

oo OMR
SericK_| 635 035 (a)

N Serie K 0.0 0.96
o Serie K 31.7 032

Al Serie K 0.6 0.05
Si Serie K 0.6 0.05
K Serie K 1.1 0.10
Ca Serie K 2.5 0.13

Total 100

(b) MOMR

. 0.45
Serie K 11.1 0.53

Serie K 14.5 0.21

Serie K 0.4 0.03

Serie K 9.9 0.13
100.0

(c) MOMR-N

0.51
063
0.30
0.09

Figure 3. FESEM micrographs of biomasses: (a) raw biomass before modification (OMR), (b) after
chemical modification (MOMR) and (c) after nitrate adsorption (MOMR-N).

Therefore, after analyzing the results of the Taguchi analysis, we can affirm that
a nitrate concentration of 500 ppm, a particle size of 0.2-0.5 mm and an adsorbent dose of
1 g-L~! allowed obtaining the highest nitrate adsorption, so they were chosen as the best
conditions. From the ANOVA results, we can confirm that the initial nitrate concentration
has a contribution of 60.11% in the adsorption process; the adsorbent fraction contributes
25.23% and the adsorbent dose contributes 14.65%.



Agronomy 2023,13, 1325

8 of 16

3.2. Biomass Characterization
Field Emission Scanning Electron Microscopy (FESEM)

In Figure 3, FESEM micrographs of the crude biomass before modification (OMR),
after chemical modification (MOMR) and after nitrate adsorption (MOMR-N) are presented
for the particle fraction between 0.2 and 0.5 mm.

Field emission scanning electron microscopy with an EDS instrument (FESEM-EDS) is
a very powerful and widely used tool for analysis of the surface morphology of materials
prepared at different magnifications and for the determination of elemental composi-
tions [43,44].

The micrographs presented in Figure 3a—c, illustrate in general a typical surface
structure of a lignocellulosic biomass [45], characterized by a consistent, firm structure;
the presence of cavities; irregular dimensions; and a slightly porous nature due to the
predominance of olive pits. There is a greater predominance of irregular shapes and
heterogeneous surfaces for the case of OMR before chemical modification (Figure 3a). In
the modified biomass (MOMR) (Figure 3b) and in the nitrate-loaded biomass (MOMR-N)
(Figure 3c), there is an increase in particle size due to the surface coating of the biomass
functionalization, a decrease in these irregular shapes, a lower presence of pores and
a higher consistency than in OMR (Figure 3a).

The elemental chemical composition of the crude biomass (OMR) is illustrated in
Figure 3a, which shows that, as expected, C and O are the predominant elements [46], while
other elements such as Al, Si, K and Ca were also detected at the surface, but in very low
amounts. When the chemical modification (MOMR) is performed, as shown in Figure 3b,
there is a change in the elemental composition; the N and Cl content increases significantly
as a consequence of the reagents used in the functionalization. Finally, Figure 3c shows that
for the charged biomass, which has been in contact with nitrates (MOMR-N), there is still
a significant increase in the N content, which allows us to demonstrate the efficiency of the
charged biomass to retain nitrate ions.

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a very valuable technique to per-
form qualitative analyses of the main functional groups involved in the binding of nitrates
to the bioadsorbent employed [33]. Figure 4 shows the FTIR spectra in the finger re-
gion (4000-500 cm™ 1) of the different biomasses employed in this study (OMR, MOMR
and MOMR-N).

For all samples, a broad band is observed around 3200 cm !, which shifts to the right
for the modified (MOMR) and nitrate-loaded (MOMR-N) biomasses, which could indicate
the presence of -OH and -NH groups. Another region where important changes occur
is in the band between 2800 cm~! and 2900 cm~!. In this region, the spectra obtained
for the chemically modified biomass (MOMR) and the loaded biomass (MOMR-N) differ
significantly from that of the raw biomass (OMR). These changes may be due, respectively,
to the asymmetric stretching vibration of the -CH, and symmetric stretching of the -CHjs
group present in the aliphatic acids [47]. A band was recorded around 1650 cm !, which is
characteristic of the stretching vibrations of carboxyl groups [45—48].

The most significant changes are seen in the region from 1200 to 1500 cm~!, which
allows us to affirm that the functionalities of lignin and amino groups intervened in the
bioadsorption process, being observed to a greater extent for the loaded biomass (MOMR-
N). The band at 1300 cm ! may indicate the stretching of the C-N bond [49]. This could be
due to asymmetric stretching of nitrate anions retained by the biomass [50].

Therefore, when comparing the FITIR spectra of the three biomasses used in the study,
significant changes in the structure of the peaks obtained can be seen, both in their position
and intensity, which confirms the participation of the groups associated with these bands
in the process of biomass functionalization and nitrate bioadsorption.
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Figure 4. FTIR spectra of raw biomass (OMR), modified biomass (MOMR) and modified and nitrate-
loaded biomass (MOMR-N).

3.4. Sorption Isotherms

Adsorption isotherms are very useful to obtain information about the interaction between
the adsorbate and the adsorbent [2,51], as well as to determine the adsorption capacity and
mechanism [52]. The isotherms describe the interaction between the two phases that compose
the adsorption system, the nitrate ions and the functionalized biomass (MOMR). There is no
single isotherm equation that correctly fits all the experimental data. However, the goal of this
study is to find an isotherm model that fits the experimental data as well as possible in order
to advance the design of adsorption systems.

The experiments were performed following the optimal operating conditions suggested
by the Taguchi approach. From the equilibrium data, the adsorption process was studied
by fitting the experimental data to the most commonly used mathematical models [53],
presenting the results of the Langmuir and Freundlich models, which provided the best fit, and
which correspond to homogeneous and heterogeneous adsorption surfaces, respectively [53].
Moreover, they are the most commonly used adsorption isotherms to study the adsorption of
contaminants in the liquid phase [54,55].

Figure 5 shows the fit of the experimental data to the Langmuir and Freundlich
isotherm models, respectively. Although the fit is very similar in a both cases, the fit is
slightly better for the Freundlich model, with an R? of 0.98 versus an R? of 0.97 for the
Langmuir model.

Table 4 presents the values of the relative constants of the models used. The Langmuir
constant (K ) provides information on the affinity of the modified biomass for nitrate
ions. The value obtained (Ki = 0.0153 mg-L~!), well below one, suggests that the binding
forces are strong, which could indicate the presence of chemisorption [56]. This adsorp-
tion model, which assumes monolayer adsorption, considers that it is homogeneous and
occurs on identical and equivalently defined active sites [57], compatible with chemically
modified biomass.
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Figure 5. Langmuir and Freundlich isotherms.
Table 4. Isotherm Langmuir and Freundlich parameters.
Langmuir Freundlich
Jmax kr R2 Kr R2
(mg-g~1) (mg-L-1) (mg-g—1) "
142.86 0.0153 0.979 12.86 2.57 0.982

In addition, the K} value was used to calculate the dimensionless factor (R} ), which
provides information on the affinity of the biomass used for nitrate ions [58]. The R value

is obtained from the following equation (Equation (3)):

1

Rp=—
L 1+ Kp-Cy

®)
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where Cj is the initial nitrate concentration. Values between 0 and 1 suggest that this is
a thermodynamically favorable process. For the initial nitrate concentrations used, Ry
values of less than one (between 0.79 and 0.15) were obtained in all cases, indicating that
nitrate adsorption with this modified biomass is a favorable process, and as the initial
nitrate concentration increases, the process becomes more favorable. The maximum nitrate
adsorption capacity estimated by the Langmuir model was 142.86 mg-g~!, a value higher
than those obtained in the Taguchi experiments (Table 2).

The Freundlich isotherm is an empirical model describing non-ideal and reversible
adsorption, that can be monolayer or multilayer, with a non-uniform distribution of affini-
ties over the heterogeneous surface and also non-uniform distribution [53,55]. As seen in
Figure 4 and Table 4, the experimental data fit quite well, with a correlation coefficient
of 0.98. The Freundlich coefficient, Kr, describes the adsorption capacity. The slope 1/n,
derived from the equation in Figure 4, can be interpreted as a measure of the adsorption
intensity [59], and when it is below zero, it is considered to be a chemisorption process.
The correlation coefficients (R%) obtained show the compatibility of the Langmuir and
Freundlich isotherms to explain the sorption of nitrate ions in monolayers on the modified
biomass. The fit in both cases is very similar.

3.5. Sorption Kinetics

A kinetic study is important for understanding the adsorption process, as it allows
distinguishing the reaction pathways and mechanisms and the stages that control the rate,
as well as obtaining valuable information about the possible mechanisms that control the
adsorption process [60].

In addition, it allows predicting the transfer rate of nitrate ions on the surface of the
modified biomass, which is essential for selecting and designing large-scale batch processes,
as it helps us to define the retention time necessary to carry out a continuous adsorption
process, and therefore it will determine the efficiency of the system [61].

A kinetic study was developed for the optimum conditions defined by Taguchi’s
method, i.e., with a chemically modified biomass dose of 1 g/L, an adsorbent particle size
of 0.2-0.5 mm and starting from a nitrate solution of 500 mg/L.

Figure 6 shows the effect of time on NO®~ sorption by the chemically modified biomass
(MOMR-N). It is observed that the sorption of nitrate ions increased very rapidly at the
beginning. Only 6 min after the beginning of the experiment, 72.72% of the concentration
reached at equilibrium was adsorbed, which gives us an idea of the great power of the
biomass activated with amines in adsorption processes.
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Figure 6. Kinetics of nitrate adsorption by chemically modified biomass (MOMR).
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In order to better understand the adsorption process, the nitrate adsorption kinet-
ics were determined by mathematically fitting the data obtained in the kinetic study to
the adsorption-reaction kinetic models and pseudo-first-order and pseudo-second-order
kinetic models.

The parameters and kinetic coefficients of the models used are shown in Table 5. It
was the pseudo-second-order model that presented a better coefficient of determination
(R? = 0.99) compared to the pseudo-first-order model which presented a coefficient of
determination R? of 0.93. These parameters confirm that the model that best describes the
adsorption process of nitrate ions on chemically modified biomass is the pseudo-second-
order model. Moreover, the calculated value for the adsorption capacity (ge) corresponds
very well with the experimentally measured value. As it fits very well to pseudo-second-
order kinetics, it allows us to affirm that this is a chemisorption process [54].

Table 5. Model kinetic parameters.

Pseudo-First-Order Pseudo-Second-Order
Nitrate Ion Ge kq ) qe Ky )
-1 -1 R -1 “1p-1y) K
(mg-g—1) (h—1) (mg-g~1) (gmg1-h™1)
NO3— 57.12 1.76 0.93 110.16 0.41 0.99

As for the adsorption mechanism (Figure 7), we can state that it takes place in different
steps. First, the nitrate ions create a film around the adsorbent. Secondly, nitrate ions
diffuse on the external surface, and finally, adsorption takes place on the surface of the
adsorbent modified with amino groups.

Modified

Olive Mill
Residues
(MOMR)

Figure 7. Proposed mechanism of nitrate ion adsorption on MOMR.

Comparing the nitrate removal values obtained in this work (MOMR-N) with those of
other modified bioadsorbents reported in the literature (Table 6), we can affirm that in this
study we achieved intermediate nitrate removal values (110 mg-g~!). We have no data on
the use of this modified biomass for nitrate removal in aqueous solutions. The retention
capacity finally achieved is influenced by the composition of the biomass used and by the
method employed for chemical modification. In our case, the chemical modification carried
out allows us to valorize a very low-cost and widely available agri-food waste, as well as
to achieve a nitrate ion retention capacity such that the process may be potentially used in
a column.
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Table 6. Nitrate adsorption capacities of modified biomasses.

Bioadsorbent Adsorption _Clapaaty Reference
(mg-g—1)

Modified steel slag 16.40 [62]
Modified cocoa shell 31.65 [63]
Modified cocoa shell 56.95 [54]
Amine cross-linked reed 102.00 [64]
Amine cross-linked tea wastes 136.43 [65]
Modified pine sawdust 145.26 [66]
Modified olive mill residues 110.00 Present study

4. Conclusions

This study has shown that the valorization of olive mill residues chemically modified
with amines significantly improves their adsorption capacity with respect to the crude
biomass, and that it is effective for the removal of nitrates from aqueous solutions. The
Taguchi factorial design allowed optimizing the operating conditions (adsorbent dose:
1 g-L~1; nitrate concentration: 500 mg-L~! and adsorbent size: 0.2-0.5 mm). Biomass
characterization by FESEM and FTIR revealed significant changes in both the chemically
modified and nitrate-loaded biomass. Under the optimum conditions of the Taguchi
approach, a nitrate adsorption capacity of 110 mg-g~! was experimentally obtained. The
Freundlich model presented the best correlation with nitrate removal, showing that the
modified adsorbent has a good and strong adsorption capacity. The pseudo-second-order
kinetic model best explained the kinetics of the process, with the chemisorption process
predominating. The experimental results obtained suggest that this is an adsorbent with
a high potential for nitrate removal in aqueous solutions, so it would be interesting to test
its behavior in continuous studies.
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