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A B S T R A C T   

In line with the principles of zero waste and recycling, alperujo (AL) was used in this study to produce a value- 
added product: hydrochar (HC) with high adsorption capacity. An optimization of the hydrothermal carbon-
ization (HTC) conditions, such as temperature, residence time, and water/solid ratio, was carried out to maxi-
mize the adsorption capacity. Eight HCs were obtained, and an in-depth comparative characterization, as well as 
adsorption tests of two pharmaceuticals with very different physicochemical properties (fluoxetine (FLX) and 
cefazolin (CFZ)), were performed. This first step allowed for elucidation of the best candidates to carry out ni-
trogen grafting on their surface, resulting in the HC obtained at a higher water/solid ratio and temperature, and 
longer residence time: 3-220◦C-2.5 h with a maximum uptake of 4.6 and 0.4 mg/g for FLX and CFZ, respectively. 
After that, a facile one-step, one-pot synthesis of nitrogen-doped hydrochars (N-HC) was developed to prepare a 
versatile bio-adsorbent with enhanced adsorption capacity. Two N–HCs were prepared using urea (U-HC) and 
polyethyleneimine (PEI-HC) and were intensively characterized to shed light on the adsorption mechanism. In 
both cases, amide groups were formed, which favored the adsorption process. PEI-HC acquired an outstanding 
maximum adsorption capacity of 983.84 mg/g for CFZ, and 29.31 mg/g for FLX, and the process was well 
described by the Freundlich isotherm and pseudo-second-order kinetic model. A co-adsorption test was per-
formed using PEI-HC for both pharmaceuticals, finding that the adsorption process occurs in different active sites 
because there was no interference between the pollutants. This fact corroborates the versatility of the new bio- 
adsorbent synthesized.   

1. Introducction 

The effects of pharmaceuticals in flora and fauna are varied and 
complex, ranging from acute or chronic when these compounds are 
released into the environment mainly from excretion, as the drugs are 
not completely metabolized (Ebele et al., 2017). Nowadays, a lack of 
official regulations that control its release to the environment makes it 
difficult to monitor pharmaceuticals and assess their impact on aquatic 
ecosystems and human health (Ewadh et al., 2017). Nevertheless, con-
cerns about the release of these compounds into the environment have 
increased worldwide (Melchor-Martínez et al., 2021), and it is only a 
matter of time before the competent authorities act and begin to regulate 
(Ewadh et al., 2017). 

To date, the scientific community has tested many techniques with 
varying degrees of success in order to be prepared for when their 

implementation in wastewater treatment plants (WWTPs) will become 
necessary. In this respect, adsorption processes have shown particularly 
reliable results, proving to be remarkably effective even on an industrial 
scale (Ahmed and Hameed, 2018). If this technique stands out among 
many others, it is because of its simplicity of operation, high perfor-
mance, and its great cost-effectiveness (Rajapaksha et al., 2019). As a 
result, the search for adsorbent materials is constantly growing. Adsor-
bents from agro-industrial origin, or bio-adsorbents, are one of the best 
bets, in the interest of generating value-added products considering the 
principles of zero waste and recycling (Mohan et al., 2014). Most of 
these bio-adsorbents possess a high content of cellulose, hemicellulose, 
and lignin, which makes them perfect precursors for HC production 
(Reza et al., 2014). HC adsorption capacity is strongly influenced by the 
raw material and the HTC conditions applied, mainly temperature, 
residence time and water/solid ratio (Delgado-Moreno et al., 2021). In 
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addition, the great content in reactive groups on the outer surface of the 
HC (Jiang et al., 2019), makes it a customizable surface on which 
different functionalization can be performed to improve its adsorption 
efficiency (Rajapaksha et al., 2016). This is particularly attractive from 
the viewpoint of industrial applications, since pharmaceuticals are a 
diverse group of organic compounds that can be found in many forms 
and ionized species in wastewater. Thus, engineered HC may solve af-
finity problems between bio-adsorbents and target pollutants as has 
been described in recent studies included those by Ahmed et al. (2023), 
Barjasteh-Askari et al. (2021), Choudhary and Philip (2022) and Xie 
et al. (2023). Despite variations in the types of adsorbents used and the 
methods of functionalization employed, the aforementioned studies re-
ported improvements in adsorption capacity of their respective target 
substances. 

Surface grafting is one of the cutting-edge techniques applied in the 
development of engineered adsorbents (Deng and Ting, 2005; Raja-
paksha et al., 2016). Tailoring materials is often done with anionic or 
cationic surfactants and nitrogen-rich compounds such as urea (U), 
ammonia or polyethyleneimine (PEI) (Elsayed et al., 2022). Surface 
grafting with nitrogen-rich compounds brings nitrogen-containing 
functional groups onto the carbon surface, such as NH2, amides, pyr-
idinic, pyrrolic and graphitic nitrogen groups (Arrigo et al., 2010). In 
addition, the electronic properties of a nitrogen-doped (N-doped) sur-
face, localized charge accumulation, contribute to electron transfer re-
actions and assist in the adsorption and/or dissociation of molecules 
(Yang et al., 2014). Nitrogen-doping or nitrogen-grafting has attracted 
increasing attention due to its efficient surface modification, and some 
carbonaceous materials have been modified with nitrogen-rich com-
pounds for adsorption purposes (Deng and Ting, 2005; Jiang et al., 
2019; Kasera et al., 2021; Xiao et al., 2020), however, the techniques 
applied for surface grafting are usually time-consuming treatments 
involving the use of solvents or other strong oxidizing chemicals (Chen 
et al., 2020; Huang et al., 2018; Qu et al., 2023; Xia et al., 2020). 
Therefore, finding a new method of synthesis that is more facile and 
versatile is important, as it would enable a simpler and more efficient 
production process while reducing environmental impact and main-
taining the quality of the final product. 

AL, obtained from olive oil two-phase extraction process, is the 
principal waste produced by this important industry. AL is a lignocel-
lulosic waste with a high organic matter content. Its water content is 
typically ranging from 50 to 80% and is rich in phenols (Alburquerque 
et al., 2004) that cannot be discharged freely due to its toxic properties, 
acidity and its extremely high biological and chemical oxygen demand 
(Aharonov-Nadborny et al., 2016). On the other hand, some uses have 
been attempted for this waste, such as agricultural recycling and 
co-composting, but they have proved impractical and expensive (Rinaldi 
et al., 2003). Consequently, AL could be a suitable candidate for HC 
production and subsequent N-doping. Thus, AL is considered a waste 
product and has low economic value, which makes it an attractive 
feedstock for producing HC, as it can be obtained at a relatively low cost. 
On balance, using AL as a feedstock for HC production can help reduce 
waste and create value from an otherwise low-value by-product. In 
addition, the Food and Agricultural Organization of the United Nations 
acknowledges the importance of addressing the environmental impact 
of food waste through measures such as prevention, reduction, reuse, 
and recycling. These actions are seen as essential steps towards 
achieving greater sustainability in the food industry and reducing the 
ecological footprint of food production and consumption (Opatokun 
et al., 2015). 

To our knowledge, there are scarce research articles trying to valo-
rize AL as HC or biochar with adsorption purposes in the last 5 years 
(Delgado-Moreno et al., 2021; Gimenez et al., 2020; González and 
Manyà, 2020). This study aimed to optimize the HTC conditions to 
produce HCs that can effectively remove two pharmaceuticals with 
different physicochemical properties, namely FLX and CFZ. The use of 
these widely prescribed pharmaceuticals allows for testing the 

versatility and effectiveness of the HC in treating a range of contami-
nated water sources. This approach also enables identifying any po-
tential limitations or challenges associated with the HC’s use, which is 
crucial for informing future research and development efforts. To 
overcome the limitations and enhance adsorption properties for phar-
maceuticals, two different nitrogen sources, U and PEI, were incorpo-
rated into the production of the HC with the best adsorption 
performance to synthesize a versatile engineered bio-adsorbent from AL 
in a facile one-pot, one-step process. The use of environmentally friendly 
nitrogen sources also highlights the potential for sustainable and 
cost-effective production of engineered adsorbents. Overall, the findings 
of this study can inform the development of more efficient and sus-
tainable approaches for treating contaminated water sources and man-
aging industrial waste, so that two environmental problems, industrial 
waste management and removal of emerging pollutants, could be 
addressed at the same time. The versatility and effectiveness of the N-HC 
in treating contaminated water sources, along with its potential to 
address two environmental problems simultaneously, underscore the 
relevance of this study. 

2. Materials and methods 

2.1. Reagents and solutions 

AL was kindly provided by Aceites Abril S.L. (Ourense, Spain). FLX as 
Fluoxetine hydrochloride (Sigma-Aldrich) and CFZ (Supelco) were 
purchased in the grade of secondary pharmaceutical standard. U and PEI 
(branched, M.W 10,000, 99%) were obtained from VWR International 
and Alfa Aesar respectively. Stock solutions of FLX, CFZ and FLX-CFZ 
were prepared in distilled water and kept refrigerated at 6 ◦C until 
further use. 

2.2. HTC process 

HCs were produced in a cylindrical hydrothermal reactor made of 
stainless steel with a 100 mL PTFE inner chamber under autogenic 
pressure. Briefly, to simulate a Water (W)/AL ratio of 3 or 2, dried AL 
were placed inside the PTFE chamber and covered with distilled water to 
reach a total amount of 50 g inside the chamber in both cases. Partially 
based on the findings of Atallah et al. (2019) and Missaoui et al. (2017), 
with some modifications, combinations of two temperatures (160 ◦C, 
220 ◦C), two residence times (1.5 h, 2.5 h) and two W/AL ratios (3 and 
2) were used to obtain a sample set of 8 HCs. The obtained HCs were 
named as follows: A-B-C where A represents the W/AL ratio, B repre-
sents the temperature, and C represents the residence time. The values 
were selected After the HTC process, all HCs were dried overnight in an 
oven at 50 ◦C, sieved and stored for further use. 

2.3. One-step, one-pot nitrogen-grafting process 

N-HC were prepared similarly as prior described in section 2.2. To 
establish the mass ratio in our methodology, two previous studies were 
taken into account (Chen et al., 2020; Rosli et al., 2019), with some 
modifications to suit the objectives of our research. Shortly, 25 g of PEI 
and U were first dissolved in 37.5 g of distilled water and subsequently, 
12.5 g of AL was added to the mixture in such a way as to obtain an AL/U 
or AL/PEI mass ratio of 1:2 inside the PTFE inner chamber. The resulting 
N–HCs were named by adding PEI or U before A-B-C to identify the HTC 
conditions and the nitrogen source. After the HTC process, the N–HCs 
were washed three times with plenty of distilled water to remove any 
unreacted nitrogen source (using warm water in the case of PEI), 
filtered, and then dried overnight in an oven set at 50 ◦C. Next, the 
N–HCs were sieved and stored in zip-lock bags for further use. 
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2.4. Characterization 

This section is described in detail in the Electronic Supplementary 
Material (ESM). 

2.5. Evaluation of adsorption capacity and kinetic studies 

All materials, AL precursor and the synthesized HCs were tested 
separately for FLX and CFZ adsorption. In short, 25 mL of FLX or CFZ 
(30 mg/L) were placed in a cylindrical, amber-colored tube and subse-
quently, 0.125 g of each adsorbent was introduced inside the tube. The 
mixture was put into agitation in a rotary shaker at 100 rpm for 24 h 
(Roller shaker 10 basic IKA®). For evaluating the maximum adsorption 
capacity, different amounts of the selected HC were placed inside the 
amber-colored tubes whereas the concentration of the pollutant was 
maintained. Langmuir and Freundlich isotherms models were selected 
to fit the experimental data. To study the reaction kinetics, samples were 
taken at regular intervals of time for 24 h. Both pseudo-first (PFO) and 
pseudo-second-order (PSO) kinetic models were chosen for fitting the 
collected data. The isotherm and kinetic model equations for fitting the 
data are presented in Table 1. All samples were filtered through PTFE 
hydrophilic syringe filters (0.45 μm pore size) and pharmaceutical 
concentrations were analyzed by high performance liquid chromatog-
raphy equipment (HPLC) equipped with a diode array detector (Infinity 
1100, Agilent Technologies). HPLC method (validation parameters are 
presented in Table ESM1) for FLX and CFZ quantification consisted of 
using a Kinetex® 5 μm Biphenyl 100 Å reversed-phase column and a 
percentage of Water/Methanol/Ammonium formate of 65/30/5 as 
mobile phases (analysis for FLX at 228 nm and for CFZ at 271 nm). 

3. Results 

3.1. Characterization of HCs 

Table ESM2 shows the elemental composition of the 8 HCs obtained 

with the different HTC conditions applied. HCs hydrogen content was 
almost constant in all the samples around 6%, but marginally lower 
values were observed in samples with a longer residence time for both 
temperatures tested. The carbon content of the produced HCs increased 
slightly with the increase in temperature during the HTC process, 
reaching a maximum of 59.29% for 3-220-2.5 similarly to the results 
reported by Saha et al. (2019) on cellulose and woods HCs at 180 and 
220 ◦C. It is noteworthy that at the lowest temperature, the change in 
carbon content was negligible, regardless of the duration of the process. 
Even though the residence time was 3 and 5 times longer in the present 
study, these data are in good agreement with those reported by Volpe 
and Fiori (2017) who argued that almost no changes were observed 
regarding the raw AL when temperatures of HTC below 180 ◦C were 
applied because it was not sufficiently intense to influence substantially 
the raw materials. Also, the possibly minimal variations could be 
attributed to the loss of the soluble organic and inorganic fraction that 
may be present in the AL, which might be between 10 and 12% of the 
total matter content (Alburquerque et al., 2004). In an HTC process, the 
first reaction occurring is hydrolysis and this reaction triggers and favors 
the rest of the reactions that take place in the process such as dehy-
dration, decarboxylation, aromatization and recondensation (Libra 
et al., 2014). Thus, the water involved in the HTC process not only acts 
as a solvent and reagent but also as a catalyst for the carbonization 
process (Reza et al., 2014). However, the steepest rise was observed in 
the samples that were produced at the highest temperature, highest 
W/AL and longest retention time. This pattern was also reported by 
Missaoui et al. (2017) in their study conducted with AL to obtain energy. 
This fact indicated that temperature was probably the key parameter 
performing changes in the HCs elemental composition and, once the 
higher temperature was applied, time proved to be also important for AL 
modification allowing the hydrolysis reaction and all the other reactions 
it triggers to take effect on. Regarding nitrogen content, a decrease was 
observed in the HCs produced with the highest water content. This fact 
could be ascribed to higher solubilization and hydrolysis of proteins in 
HCs with a higher W/AL ratio (Capobianco et al., 2020). 

Table 1 
Equations and parameters of isotherm models and adsorption kinetics.a   

Parameters U-3-220-2.5  PEI-3-220-2.5  PEI-3-220-2.5 (MIX)  FLX   

FLX CFX FLX CFZ FLX CFZ 3-220-2.5 

Isotherm Models         
Langmuir          

qm (mg/g) 111.63 16.09 33.24 1572.73 – – 44.36 

qe =
qmax ∗ KL ∗ Ce

1 + KL ∗ Ce 

KL (L/mg) 0.003 0.06 0.02 0.02 – – 0.02  

SEE 13.58 0.04 1.39 90.65 – – 1.43  
R2 0.983 0.998 0.984 0.822 – – 0.986 

Freundlich          
KF (L/mg) 1.23 2.20 3.58 78.95 – – 0.70 

qe = KF ∗ C

1
n
e 

n 1.52 2.40 2.57 1.71 – – 1.60  

SEE 5.34 0.93 1.12 69.55 – – 2.37  
R2 0.963 0.974 0.989 0.895 – – 0.961 

Kinetic Models         
PFO         
qt = qe(1 − exp− k1 t) qe (mg/g) 62.44 12.43 28,13 263.3 28.23 259.36 –  

k1 (1/min) 0.16 1.27 1.33 0.02 1.21 0.03 –  
SEE 3.61 0.89 1.9 20.62 3.59 25.41 –  
R2 0.981 0.971 0.957 0.95 0.96 0.72 – 

PSO          
qe (mg/g) 70.2 13.01 28.8 284.62 28.86 263.86 – 

qt =

q2
e ∗ k2∗t

(1 + k2 ∗ qe ∗ t)

k2 (g/(mg min)) 0.003 0.15 0.07 1.33 0.07 2.68 –  

SEE 2.2 0.53 1.27 9.15 1.37 18.40 –  
R2 0.993 0.9872 0.981 0.99 0.986 0.797 –  

a qe (mg/g) is the adsorption capacity at equilibrium, qm (mg/g) is the maximum adsorption capacity, KL (L/mg) is the Langmuir equilibrium constant, Ce (mg/L) is 
the equilibrium concentration of pollutants, KF and n are Freundlich constant related to adsorption capacity and the strength of adsorption respectively. qt (mg/g) is the 
amount of pollutant adsorbed by HC at time t (min) and k1 (1/min) and k2 (g/(mg min)) are pseudo-first and pseudo-second order kinetic constant, respectively. 
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All produced HCs presented a slightly acid character, with values of 
point of zero charge (PZC) around 5 and very similar to AL 
(Table ESM2). These results are often found in HCs regardless of the raw 
material source (Delgado-Moreno et al., 2021). It may be explained 
because during an HTC process, the aqueous phase is acidic due to the 
reactions taking place and the by-products produced during the HCT 
process, such as carboxylic acids (Reza et al., 2014). These conditions 
lead to an increase in the capacity of the liquid phase to dissolve and 
maintain solubilized much of the inorganic fraction of the biomass (acid 
solvation mechanism) which is the main contributor to the alkalinity of 
the biomass (Benavente et al., 2015; Delgado-Moreno et al., 2021). In 
agreement with these findings, Román et al. (2020) indicated that an HC 
prepared from olive stone at 250 ◦C similarly presented a PZC of 4.05. 

FTIR analyses were performed to identify the changes the AL un-
derwent in the HTC process and the functional groups that could be 
involved in the adsorption studies and the data are shown in Fig. 1a. AL 
is essentially composed of lignin (45.8%), hemicellulose (37.7%), cel-
lulose (20.8%), proteins (7.7%), and fats (13%) (Alburquerque et al., 
2004). It is therefore not unexpected to observe functional groups con-
nected to these principal constituents. The distinctive peaks linked with 
the existence of these principal components are outlined in Table ESM3. 

The region from 1160 cm− 1 to 895 cm− 1 gathers peaks and bands 
generally dominated by the polysaccharides such as C–O–C ether from 
the monomer rings at 1160 cm− 1, C–O from hydroxyl groups at different 
carbon positions from 1105 cm− 1 to 1024 cm− 1, and 895 cm− 1 from the 
β-O-glycosidic bonds (Xu et al., 2013). The sharpest decrease in these 
peaks and bands in HCs 3-220-2.5 and 2-220-2.5 indicates the degra-
dation of these components, mainly hemicellulose as is less stable, 
through decarboxylation and dehydration (Reza et al., 2014). The 
degradation of the polysaccharides is relevant since the intermediates of 
thermal degradation of the sugars (furfurals like 5-HMF, erythrose, and 
aldehydes) undergo subsequent reactions of condensation, polymeriza-
tion and aromatization that lead to the formation of the HC (Reza et al., 
2014). 

An increase in C–H bending vibrations usually contributed by cel-
lulose, hemicellulose and lignin was found at 1374.8 cm− 1 and 
contributed only by lignin at 1451 cm− 1 (Xu et al., 2013), meaning a 
prevalence of lignin over the other two polymers during the HTC 
process. 

The peak at 1738.9 cm− 1 can be ascribed to the C––O stretching in 
hemicellulose and ester from aliphatic chains of triglycerides present in 
AL (Volpe et al., 2018; Volpe and Fiori, 2017). Additionally, the peak 
around 1695.3 cm− 1 is attributed to the conjugated C––O stretch of al-
dehydes, ketones, ester, lactones and carboxyl acids in chars produced 
from AL during the HTC process and also could be contributed by un-
conjugated C––O in lignin (Abdelhadi et al., 2017; Delgado-Moreno 
et al., 2021; Reza et al., 2014). 

The peaks at 2852.9 and 2922.7 cm− 1 are attributed to the C–H 
stretching vibrations of methylene and terminal methyl groups of fatty 
acids chains and also a peak at 3012 cm− 1 (C–H stretching from un-
saturated C––C–H) (Abdelhadi et al., 2017). These peaks together with 
the ester peak at 1738.9 cm− 1, therefore, could indicate that the 
aliphatic structures, mainly residual triglycerides from olive oil, are 
being conserved during the HTC process in HCs 3-220-2.5 and 
2-220-2.5. 

Additionally, the peaks at 1271 and 1314 cm− 1 are mainly contrib-
uted by the guaiacyl and syringyl rings from lignin respectively (Xu 
et al., 2013). Other peaks are as well ascribed to lignin, for instance, the 
peak at 1595 cm− 1 is normally related to its aromatic skeletal and 
phenol-(C––O)- groups and the peak at 1514.6 cm− 1 with the aromatic 
skeletal vibration (Xu et al., 2013). Thus, the steepest increment in these 
peaks together with the greater prominence of a shoulder at 2955.4 
cm− 1 (aromatic sp2 C–H) might be taken as clues that indicate the in-
crease in the degree of aromatization of 3-220-2.5 and 2-220-2.5. 

The broad band around 3299.8 cm− 1 is related to the stretching vi-
brations of O–H, which are mainly contributed by hydroxyl or carboxyl 

groups present in cellulose or lignin phenols and chemisorbed water 
(Volpe et al., 2018). A reduction is observed for the HCs produced at the 
highest temperature and the longest residence time, which may be 
ascribed to AL dehydration reactions that took place during the HTC 
process. These results are in agreement with similar results reported by 
several studies when preparing HC from AL (Gimenez et al., 2020; Volpe 
et al., 2018) and also are in accordance with those indicated by the 
elemental analysis. Therefore, it was confirmed the highest degree of 
carbonization of the HCs produced at the highest temperature and 
longest time, 3-220-2.5 and 2-220-2.5, the same as the results reported 
by Missaoui et al. (2017). In addition, a large number of functional 
groups, particularly those containing oxygen and hydrogen, would 
enable the interaction between ionic and polar compounds in the event 
of adsorption and/or a grafting process (Liu et al., 2010). 

Considering the whole range of the spectra (400-4000 cm− 1), a PCA 
was applied to the FTIR spectra obtained for all HCs (Fig. 2). This sta-
tistical technique is applied to visually extract and interpret the most 
significant variations in the FTIR spectra, the principal components 
(PC), and to identify the factors causing this differentiation (Popescu 
et al., 2013). In this study, 87.5% of the total variability in the spectra is 
explained by two PC: PC1 65.5% and PC2 22%. The loading plots for 
PC1 and PC2 are useful to perceive which wavenumbers contribute most 
to the total variability in the spectra and in what magnitude and di-
rection (increase/decrease). These loading plots can be found in 
Fig. ESM1a and ESM1b respectively. 

Given that PC1 captures the majority of the significant changes in the 
spectra, it is important to acknowledge that AL is situated at the leftmost 
point of the plot, and that all HC scores are shifting towards the right of it 
on the PC1 axis to varying degrees. HCs produced at 160 ◦C are slightly 
rightward shifted on the axis PC1 with respect to AL for both treatment 
residence times 1.5 and 2.5. However, the HCs produced at 220 ◦C are 
strongly shifted to the right, remarkably more for treatment times of 2.5 
h than 1.5 h. Regarding the W/AL ratio, the lowest coefficients lead to 
slight rightward shifts in PC1 for all samples. The loading plot for PC1 
showed that a rightward shift in PC1 can be associated with substantial 
degradation of polysaccharides, which dominated the region 1162-826 
cm− 1 together with the broad peak of –OH on 3000-3500 cm− 1 had the 
most negative values. Later, this removal of polysaccharides leads to an 
increase of lignin (broad peak 1700-1680 cm-1 C––O groups, 1595 cm-1 

and 1515 cm-1 mainly) and lipid content (3000 cm− 1, 2850- 2750 cm− 1) 
towards the right direction in PC1 axis, being the HCs produced at 
220 ◦C and 2.5 h the furthest away from AL. 

When it comes to PC2, it is observed that shifts towards the upper 
part of the PCA plot, where AL is located, are attributed to a higher 
contribution of discrete peaks of different magnitudes in the region 
1100-870 cm− 1. Since that region is mainly dominated by poly-
saccharides, it can be interpreted that the HCs at 160 ◦C underwent 
differential degradation of the different polysaccharides. Note that 
hemicellulose, lignin and cellulose in HTC treatments start to decom-
pose at 180 ◦C, 180-220 ◦C and above 220 ◦C respectively (Reza et al., 
2014). As evidence of this, the band found at 1235.5 cm− 1, which is 
specific to C–O–C of xylose is gathered by PC2 with positive values. 
Therefore, HCs at 160 ◦C located in the most negative part of PC2 have 
less contribution of this peak because there is probably degradation of 
hemicellulose. In addition, the bands of amide I, 1652 cm− 1, and amide 
II, 1542 cm− 1, and C–N 1400 cm− 1 related to proteins are reduced in a 
downward direction from PCA plot, implying protein removal. 

In general, there is a good correlation between the temperature and 
residence time used for the HTC treatments and the two main peaks 
related to aromaticity, 1595 cm− 1 and 1515 cm− 1. Figure ESM2 shows 
how the aromaticity increases from AL to the rest of the HC synthesized. 
Aromaticity increases greatly when a higher temperature is applied 
followed by increases in the time of the treatment. This increase in 
aromaticity can be associated with the permanence of lignin and the 
char formation after the treatment. 

Giving the characterization tests performed on the HCs, in which the 
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Fig. 1. FTIR spectra of all HCs produced at the different temperatures, residence time and W/AL ratio (a), N-HC with the nitrogen source (b) U-3-220-2.5 and (c) PEI- 
3-220-2.5. 
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HCs produced at 220 ◦C and 2.5 h showed the clearest differences with 
respect to the original residue, AL, and according to the PCA study 
almost no differences were found between the samples with W/AL 3 and 
2, HC 3-220-2.5 was selected to verify its structure and surface 
morphology by SEM together with AL. SEM images from raw material, 
AL, and 3-220-2.5 are presented in Fig. 3a and 3bcd, respectively. AL 
exhibited a heterogeneous surface with no signs of porosity and after 
HTC treatment, the changes in its surface structure are more than 
evident, however, no incipient porosity seems to be discernible. Fig. 3b 
suggests the appearance of the carbon spheres characteristic of HCs. 
These carbon spheres are established to possess a core-shell type struc-
ture, composed of a hydrophobic core and a hydrophilic shell, in which 
numerous functional groups such as carbonyl, carboxylic and hydroxyl 
are present (Jiang et al., 2019). The formation of these spheres, micro-
spheres or nanospheres, is ascribed to polymerization reactions of 
monomers derived from the hydrolysis of cellulose and hemicellulose 
present in the precursor material (Reza et al., 2014). Nanospheres are 
usually interconnected (Gimenez et al., 2020), as in the case of HC 
3-220-2.5 (Fig. 3bcd). Delgado-Moreno et al. (2021) reported larger 
spheres in a HC produced at 240 ◦C after 6 h of treatment using AL as 
starting material. Wang et al. (2018) concluded that time was the key 
parameter governing both the means of dispersion or aggregation and 
the diameter of these spheres. 

BET results are consistent with the SEM images, indicating hetero-
geneous values for all HCs ranging from 0.45 to 0.02 m2/g with a 
standard deviation of 0.18, confirming that HCs did not develop porosity 
during any HTC treatment. These results are quite lower than those 
reported by Delgado-Moreno et al. (2021) for a HC of AL produced at 
240 ◦C and 6 h of treatment who achieved a value of 7.62 m2/g, being 
probably the time the key parameter since the temperature was similar. 
In general, HCs do not develop a high specific surface area, unlike chars 
obtained by pyrolysis (Mumme et al., 2011). 

3.2. Adsorption studies 

The results of FLX (Fig. 4a) and CFZ (Fig. 4b) adsorption after 24 h 
showed a good adsorption performance of all HCs with respect to FLX, 
however, for CFZ the adsorption resulted to be very low. Considering the 
slightly acidic character of all the HCs, with a PCZ around 5 
(Table ESM2), together with the initial pH of the solutions, 6.4 for FLX 
and 5.9 for CFZ, it was postulated that the net surface charge of the HCs 

was negative. In this way, at that initial pH FLX with a pKa of 9.4, the 
–NH group of FLX tends to be protonated, giving a net positive charge to 
the molecule, thus, electrostatic attraction is favored between this group 
and the oxygen-reactive species on the HC surface. However, at this pH, 
the carboxyl group of CFZ with a pKa of 2.84 suffers a deprotonation, 
which confers a net negative charge to the molecule (see microspecies 
distribution and molecules of FLX and CFZ in Fig. ESM3), which inhibits 
the adsorption of CFZ molecules due to electrostatic repulsion. Thus, 
these results might be explained because of electrostatic interactions 
between the pollutants molecules and the HCs surface for both FLX and 
CFZ. HCs 3-220-2.5 and 2–220.2.5 offered the best performance for FLX, 
with adsorption values of 4.63 and 5.95 mg/g respectively. These results 
are in good agreement with the FTIR data, where the richness of these 
samples in functional oxygen-containing groups was indicated. Delga-
do-Moreno et al. (2021) reported higher maximum adsorption capacity 
values of 11, 10 and 13 mg/g for diclofenac, ibuprofen and triclosan 
respectively, which could be related to the develop of more specific 
surface area, 7.64 m2/g, of their HCs of AL produced at 240 ◦C for 6 h 
and also with a higher PZC. In addition, Román et al. (2020) reported an 
olive stone HC prepared at 250 ◦C for 30 min and activated by air for FLX 
adsorption, achieving a maximum uptake of 44.07 mg/g with a specific 
surface area of 204 m2/g. 

At this stage, despite 2–220.2.5 appearing to be the most favorable 
HC, the differences identified by FTIR between HC 3-220-2.5 and 
2-220-2.5 were insignificant. Moreover, given that our natural residue, 
AL, had a high water content of 72%, it was decided to proceed with 
HC 3-220-2.5 for the subsequent grafting with nitrogen compounds PEI 
and U. This was done to assess the possibility of enhancing the adsorp-
tion capacity of both pollutants. 

3.3. N–HCs characterization 

Elemental composition of synthetized N-HC, U-3-220-2.5 and PEI-3- 
220-2.5, is shown in Table ESM2. Although it can be observed a 
remarkable increase in the nitrogen content in both N–HCs, it is 
perceived a drastic increase in the nitrogen content in PEI-3-220-2.5. 
This fact means that the grafting process was very successful in intro-
ducing nitrogen in the HCs. The differences could be ascribed to a higher 
content of nitrogen in the branched polymer. Regarding U-3-220-2.5, 
similar results were found by Xiao et al. (2020) who prepared a one-pot 
U-assisted HC from orange peel. However, regarding PEI-3-220-2.5 

Fig. 2. Score plot of the analysis of PCA representing PC1 vs. PC2 for al HCs produced at the different temperatures, residence time and W/AL ratio.  
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Fig. 3. SEM images capture from AL (a), 3-220-2.5 at different magnifications (b, c and d), U-3-220-2.5 (e) and PEI-3-220-2.5 (f).  
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N-HC, the nitrogen content reported by Elsayed et al. (2022) was twice 
lower, probably because PEI was added in a post-treatment with 
glutaraldehyde as a crosslinker to a pine wood HC. This high nitrogen 
content of PEI-3-220-2.5 is most likely the cause of the very high PZC 
value of this N-HC, 9.7, while only 6.8 was recorded for U-3-220-2.5 
(Table 1). Kasera et al. (2021) obtained similar PZC values for a pine 
bark biochar functionalized with U at 400 ◦C. 

SEM images for U-3-220-2.5 and PEI-3-220-2.5 are shown in Fig. 3e 
and f respectively. For U-3-220-2.5, a surface with slightly smoother 
lines and appearance than the undoped HC is observed, suggesting that 
the U may be coating the surface and giving that appearance. Whereas 
for PEI-3-220-2.5, the surface is almost entirely covered by a smooth 
layer, clearly indicating the presence of the grafted polymer on the HC 
surface. No porosity can be observed in any of the N–HCs, which was 
confirmed by BET tests, which indicated that there was no porosity 
associated with any of these samples. Elsayed et al. (2022) reported a 
BET of only 3.8 m2/g for an ozone oxidized HC doped with PEI 
(PEI-OzHC), which is in agreement with the findings in the current 
study. 

In addition, SEM-EDX captures for U-3-220-2.5 and PEI-3-220-2.5 
are presented in Fig ESM4a and ESM4b respectively in order to verify 
the spatial distribution of nitrogen in both N–HCs. As can be seen, both 
N–HCs presented a homogeneous nitrogen distribution over their sur-
face, although it is true that the coverage of PEI-3-220-2.5 was denser, 
which is in line with the results of the previous elemental analysis. 

FTIR comparative spectra for U-3-220-2.5, U and 3-220-2.5 are 
shown in Fig. 1b. The peaks associated with the lipids of the olive oil 
(2848, 2956 and 3005 cm− 1) remained in U-3-220-2.5, but their cor-
responding ester peak, 1738.9 cm− 1 (Larkin, 2018), disappeared. 
However, a more intense peak related to the C––O bond stress mode of 
the O––C–NH amide group at 1647 cm− 1, emerged in this treatment 
suggesting a possible thermal ammonolysis reaction between tri-
glycerides and the degradation product of U during the HTC process, 
ammonia (Zhu et al., 2021), to form an amide group (Griffin et al., 
2013). Accompanying this amide peak, a band near 1593.1 cm− 1 

emerged corresponding to NH2 bending and another near 1419.8 cm− 1 

being associated with C–N stretch. Besides, the doublet appearing at 
3355. 4 and 3182.9 cm− 1 indicate the stretches of NH2 in primary am-
ides. Additionally, the broad band between 800 and 630 cm− 1 corre-
sponds to the wagging vibration from primary and secondary amines 
(Larkin, 2018). 

FTIR comparative spectra for PEI-3-220-2.5, PEI and 3-220-2.5 are 
shown in Fig. 1c. PEI shows a doublet at 3348 and 3195 cm− 1 from 
primary amines (-NH2) in the –NH stretching region, but a stronger peak 

at 3280 cm− 1 from secondary amines (-NH), as the latter are in higher 
proportion in the polymer and no peak present in the region from ter-
tiary amines. After the HTC treatment, only the 3280 cm− 1 peak is 
present in PEI-3-220-2.5, suggesting the disappearance of primary 
amines in favor of secondary amines. Additionally, a strong peak at 
1645 cm− 1 appeared (O––C–NH), which suggests the formation of am-
ides. In this case, a direct amide thermal formation (Charville et al., 
2010), assisted by the carboxylic acids generated during the HTC pro-
cess (Reza et al., 2014), was the most plausible reason for these changes. 
In addition to this, a strong peak at 1566 cm− 1 corresponding to the CNH 
bend and the C–N stretch and the broad band from 800 to 730 cm− 1 

associated with primary and secondary amines and amides (Larkin, 
2018) clearly present in PEI-3-220-2.5, indicates the increase of nitrogen 
content with respect to 3-220-2.5. The elevated PEI/AL ratio in 
PEI-3-220-2.5 and the lower intensity of peaks related to AL components 
suggest that PEI dominates the material and is presented in a crosslinked 
form due to the reactions in the HTC treatment. 

On balance, primary amides can be found in U-3-220-2.5 and sec-
ondary amides dominated the PEI-3-220-2.5 spectrum. Thus, the graft-
ing mechanism would be evident in both N–HCs. 

To gain further information on surface chemistry, XPS analysis was 
carried out and the deconvoluted XPS C1s and N1s peaks and spectra of 
3-220-2.5 and the N–HCs are shown in Tables ESM4 and ESM5 and 
represented in Fig ESM5. The accurate binding energies (BE) were 
determined by reference to the adventitious C1s peak at 285 eV and the 
experimental curves were fitted using a mix of Lorentzian-Gaussian lines 
in variable proportions. Table ESM4 shows a displacement of C–OH and 
C–O–C bonds (286.39 eV) at lower energies in N–HCs. This peak is 
characteristic of C–N bonds (285.97 and 286.06 eV) (Li et al., 2012), 
which appear in greater proportion in the PEI-3-220-2.5 (25.15%) 
sample than the U-3-220-2.5 (20.6%) due to the large number of bonds 
of this type contained in the PEI. In Both N–HCs appeared a different 
type of C-containing specie, the amide group (O––C–N, 287.6–288.3 eV), 
while O––C–O disappeared (288.88 eV), which corroborates the FTIR 
results. HC 3-220-2.5 showed no N-containing groups on the surface. 
N1s spectra (Table ESM5) of U-3-220-2.5 was deconvoluted in one type 
of N chemical environment, O––C–N on the surface (400.2 eV). 
PEI-3-220-2.5 N1s spectra could be resolved into four peaks secondary 
amino at 398.65 eV (32.51%), tertiary amino at 399.3 eV (41.46%), 
amide at 400.2 eV (31.19%), and nitrogen bounded oxygen species at 
402.04 eV (3.53%). These results are similar to those reported by He 
et al. (2017) when preparing a hyperbranch-structured polyamine 
adsorbent for CO2. Thus, XPS analysis confirmed the FTIR data obtained 
for both N–HCs and proved the success of the grafting process. 

Fig. 4. Screening of the adsorption capacity of FLX and CFZ by all HC produced (a) W/AL ratio 3 and (b) W/AL ratio 2, (c) U-3-220-2.5 and PEI-3-220-2.5. Maximum 
potential adsorption of FLX or CFZ: 6 mg/g. 
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3.4. Adsorption of N–HCs 

Adsorption tests for U-3-220-2.5 and PEI-3-220.2.5 are presented in 
Fig. 4c. At the initial concentration of 30 mg/L, U-3-220-2.5 did not 
show an improvement in CFZ adsorption and maintained the adsorption 
for FLX. On the other hand, PEI-3-220.2.5 presented a decrease in FLX 
adsorption; however, it presented an increase in CFZ adsorption of 
1500% with respect to its parent, 3-220-2.5. 

A more in-depth study to elucidate the adsorption process was car-
ried out by fitting the experimental data to two isotherm models, 
Freundlich and Langmuir, and two kinetic models, PFO and PSO. The 
parameters obtained are detailed in Table 1 and the fittings represented 
in Fig. 5. PSO is the kinetic model that fitted the best for all N–HCs and 
pollutants. This would suggest chemical adsorption in which electrons 
are being shared or transferred between N–HCs and the pollutants, FLX 
and CFZ (Delgado-Moreno et al., 2021). 

For U-3-220-2.5, Langmuir isotherm provided the best fit to the data 
for both contaminants, giving a maximum adsorption capacity of 
111.63 mg/g for FLX and 16.09 mg/g for CFZ. This type of isotherm 
describes monolayer adsorption on a surface comprising a limited 

number of adsorption sites of uniform adsorption energies (Baccar et al., 
2012). An increase in FLX adsorption by U-3-220-2.5 compared to the 
original 3-220-2.5 was observed. Chen et al. (2020) reported a 
maximum adsorption capacity for chlortetracycline of 44.3 mg/g using a 
furfural residue HC modified with urea. 

Regarding PEI-3-220.2.5, Freundlich isotherm fitted well with the 
experimental data for both pollutants, as was the case for (Delgado--
Moreno et al., 2021) using AL HC for adsorption, although the phar-
maceuticals were different. It was found an outstanding experimental 
maximum uptake of 983.84 mg/g for CFZ and 29.31 mg/g for FLX. Even 
though Freundlich isotherm gave the best fit, the adjust was under 90% 
for CFZ, as it can be seen in Table 1 and Fig. 5d., The qmax parameter 
from Langmuir isotherm could be used as an estimate of the maximum 
adsorption capacity. Thus, maximum estimated adsorption capacities 
would be 34.24 mg/g for FLX and 1572.73 mg/g for CFZ. Freundlich 
model assumes heterogeneous surface energies and is influenced by the 
surface coverage (Baccar et al., 2012). Elsayed et al. (2022), prepared a 
PEI-OzHC in a post treatment with methanol and glutaraldehyde acting 
as crosslinker. The authors reported an uptake of 218.3 and 182.5 mg/g 
for Remazol Brilliant Blue R and Reactive Black 5, respectively. This 

Fig. 5. Adsorption isotherms for U-3-220-2.5, FLX (a) and CFZ (b), and PEI-3-220-2.5, FLX (c) and CFZ (d). Kinetic models fittings for U-3-220-2.5, FLX (e) and CFZ 
(f), and PEI-3-220-2.5, FLX (g) and CFZ (h). Kinetic model fitting for PEI-3-220-2.5 co-adsorption FLX and CFZ (i). 
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great difference could be ascribed both to the suitability of the grafting 
procces presented in this study and to the PZC for PEI-OzHC adsorbent 
that was determined at pH 5.7. This fact results in a narrower adsorption 
pH-window (below 5.7) for both anionic dyes, in contrast to what is 
observed in the current study. 

It is intriguing to conduct a comparative analysis of various studies 
that have utilized engineered adsorbents to remove pollutants from 
water, as they have demonstrated significant improvements in adsorp-
tion capacity despite utilizing varying techniques and modifiers (Ade-
goke et al., 2022; Ozelcaglayan and Parker, 2023; Shukla et al., 2023; 
Wang et al., 2023). One such study, conducted by Dolatabadi et al. 
(2021) involved the preparation of iron-modified activated carbon uti-
lizing pistachio shells. Although the authors employed a more intricate 
methodology than that presented in this study, the adsorption efficiency 
improved significantly, with a change from 41.5% to 83.2% for acet-
amiprid. Similarly, another study by the same research group, Dolata-
badi et al. (2022), focused on the development of a magnetic graphene 
oxide and carboxy methyl cellulose composite for pesticide removal, 
which resulted in a remarkable enhancement in the maximum adsorp-
tion capacity, from 20 to 30 mg/g of the raw materials to 108.3 mg/g for 
the composites. In summary, the studies discussed above offer evidence 
for the effectiveness of engineered bio-adsorbents in the development of 
versatile and cost-effective bio-adsorbents. The reported improvements 
in adsorption capacity demonstrate the potential of these approaches for 
the removal of pollutants from water. 

3.4.1. Adsorption mechanism for U-3-220-2.5 and PEI-3-220-2.5 
As previously mentioned for U-3-220-2.5, during the U-grafting 

process, amide groups are formed which could be related to this in-
crease. In this sense, the adsorption capacity could be contributed both 
by electrostatic interactions and by amide-π bonding, frequently studied 
in pharmaceutical design (Imai et al., 2009). Nevertheless, electrostatic 
repulsion still exists between a negatively charged HC surface and CFZ−

as indicated by the low adsorption capacity predicted, since the influ-
ence of NH groups is not yet noticeable on PZC. 

The incredibly high adsorption capacity showed by PEI-3-220-2.5 
might be explained by the PZC exhibited (9.7, Table ESM2) which of-
fers a positively charged surface. About 50% of the amino groups of PEI 
are protonated at the working pH and are distributed along the chain, 
giving it a high charge density (Ziebarth and Wang, 2010). This fact 
enables strong electrostatic attractions between these positively charged 
active sites and the negatively charged carboxyl groups of the CFZ, 
thereby promoting their adsorption. This mechanism has been reported 
by several authors while adsorbing metal anions in PEI-modified ad-
sorbents (Deng and Ting, 2005). The possible mechanism of FLX 
adsorption on PEI-3-220-2.5 would be hydrogen bonding between the 
CF3 group (FLX) and the positively charged –NH groups of 
PEI-3-220-2.5, thereby mimicking one of the mechanisms of pharma-
ceutical adsorption in the body (Dalvit et al., 2014). However, adsorp-
tion is less favorable than in the case of CFZ, since the FLX molecule is 
positively charged and electrostatic repulsions may affect the adsorption 
process. 

Given the good results obtained for PEI-3-220-2.5 for CFZ, a co- 
adsorption test of both pharmaceutical products was carried out in 
order to check if there were any interferences in the adsorption. As it can 
be seen in Fig. 5i, the adsorption capacity was maintained for both CFZ 
and FLX and the PSO kinetic model was the best fit to the experimental 
data. This result suggests that there were no interferences in the 
adsorption process between the two pharmaceuticals, probably indi-
cating different binding sites. 

4. Conclusions 

N–HCs were successfully synthetized by grafting U and PEI onto the 
AL surface through a facile one-pot treatment. Elemental composition 
analysis confirmed that nitrogen atoms in the biomass were significantly 

increased in both cases but much more in the case of PEI-3-220-2.5. FTIR 
and XPS analyses performed on the surface of both N–HCs corroborated 
the presence of nitrogen groups in both cases, with amide groups 
appearing in the majority. U-3-220-2.5 improved the adsorption of FLX 
over its parent, but the functionalization was not sufficient for it to be 
versatile and adsorb both pharmaceuticals. On the other hand, PEI-3- 
220-2.5 showed a very high adsorption capacity for CFZ, although it 
had a clear drop in the adsorption of FLX with respect to the parent and 
that achieved with respect to U-3-220-2.5. Additionally, PEI-3-220-2.5 
maintained its adsorption capacity for both pollutants in a co- 
adsorption test. Thus, PEI-3-220-2.5 proved to be a versatile adsorbent 
prepared in a simple way from an abundant lignocellulosic waste. 
Notwithstanding, further studies on stability and reusability for indus-
trial applications should be carried out. 
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Arrigo, R., Hävecker, M., Wrabetz, S., Blume, R., Lerch, M., McGregor, J., Parrott, E.P.J., 
Zeitler, J.A., Gladden, L.F., Knop-Gericke, A., Schlögl, R., Su, D.S., 2010. Tuning the 
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