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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The functionalized biochar-clay com
posite (FBKC) was successfully 
synthesized. 

• FBKC exhibited specific surface area of 
221.04 m2/g compared to 47.02 m2/g 
for BC. 

• Synergistic sorption mechanisms were 
confirmed for NFX and CVD sorption by 
FBKC. 

• FBKC showed a maximum column bed 
capacity of 37.90 (NFX) and 53.98 mg/g 
(CVD). 

• The cost estimation of FBKC was pre
cisely presented, indicating a rate of 
5.72 €/kg.  

A R T I C L E  I N F O   
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A B S T R A C T   

This study investigated the successful synthesis of functionalized algal biochar-clay composite (FBKC). Subse
quently, the sorption performance of FBKC towards norfloxacin (NFX) antibiotic and crystal violet dye (CVD) from 
water was extensively assessed in both batch and continuous flow systems. A series of characterization techniques 
were carried out for FBKC and the utilized precursors, indicating that the surface area of FBKC was increased thirty- 
fold with a well-developed pore structure compared to the original precursors. FBKC demonstrated a maximum 
sorption capacity of 192.80 and 281.24 mg/g for NFX and CVD, respectively. The suited fitting of the experimental 
data to Freundlich and Clark models suggested multi-layer sorption of NFX/CVD molecules. The mechanistic studies 
of NFX/CVD sorption onto FBKC unveiled multiple mechanisms, including π-π interaction, hydrogen bonding, 
electrostatic attraction, and surface/pore filling effect. The estimated cost of 5.72 €/kg and superior sorption ca
pacity makes FBKC an efficient low-cost sorbent for emergent water pollutants.  
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1. Introduction 

Emergent pollutants have become a growing concern in recent years 
owing to their detrimental potential to the ecosystem and human health. 
Emerging and legacy pollutants such as dyes, microplastics, poly- 
fluoroalkyl substances, and pharmaceuticals have been detected in 
water sources worldwide, including potable water sources (Aneesh 
et al., 2023). Effective management of emergent pollutants in water 
requires a multifaceted approach that includes monitoring, effective 
treatment, and regulatory measures to limit their release into the envi
ronment. Pharmaceutical compounds and dyes are the most concerning 
aspects of water pollution due to their ability to persist in the aquatic 
environment and accumulate in living organisms. 

Cationic dyes are commonly utilized in various industrial applica
tions, surpassing other dye categories (Pandey et al., 2023). Moreover, 
cationic dyes exhibit a non-biodegradable/non-photodegradable 
behavior and possess a hazardous nature. Crystal violet dye (CVD), 
classified as a cationic dye, is frequently detected in industrial waste
water owing to its extensive usage as a coloring agent in textile, deter
gent, cosmetics, printing, and fertilizer industries (see supplementary 
material). The presence of CVD in water significantly affects humans and 
aquatic organisms due to their highly mutagenic, clastogenic, genotoxic, 
and carcinogenic nature (Uddin et al., 2023). Antibiotics represent a 
prominent class of emerging contaminants, extensively detected in the 
aquatic environment due to their widespread application as the third 
most commonly prescribed pharmaceuticals (˃ 6% of total prescription 
drugs) (Ohale et al., 2023). Norfloxacin (NFX), one of the fluo
roquinolones classes, is a synthetic broad-spectrum antibiotic commonly 
prescribed for treating urinary tract infections and Gram (+/-) bacteria 
as well as veterinary medicine (see supplementary material). The 
detected NFX concentrations in the surface water and wastewater were 
reported to be up to 1150 ng/L and 0.75 μg/L, respectively (Ohale et al., 
2023). Although low concentrations of antibiotic residues may not 
directly harm humans, prolonged consumption of contaminated water 
can lead to adverse health effects, including muscle and liver damage, 
nausea, vomiting, and diarrhea (Abd El-Fattah et al., 2023). Therefore, 
eliminating these emerging contaminant residues from the effluents 
before their release into the environment is instantly paramount. 
Consequently, selecting appropriate sorbents that possess substantial 
surface area, active surface functional groups, and well-developed 
porous structure, in addition to reasonable cost and availability of pre
cursors such as biochar and clays, are considered significant. 

Biochar derived from marine algae (macro), third-generation feed
stocks for biofuel production, has gained significant attention due to 
their abundance, effortless harvesting, and substantial production rate 
(Nguyen et al., 2022). Algal biochar and its various modified forms 
showed a superior performance towards eliminating emerging con
taminants from aqueous solutions. However, comparing the adsorptive 
performance of biochar to activated carbon showed limited potential 
towards the existing pollutants in water due to their layer structure 
(single carbon layer) and relatively low surface area and pore size. 
Therefore, impregnating biochar with specific layered-structure mate
rials such as clay minerals as composite could enhance the ability to 
adsorb ionizable adsorbates. Kaolinitic clay is a well-known alumino
silicate clay rich in kaolinite minerals with a 1:1 type layer structure 
(aluminum: silicon) (Maged et al., 2023b). The potentiality of using 
clays in removing various contaminants has been successfully proven in 
the literature owing to the negatively charged layers, interlayer 
exchangeable cations (i.e., Mg2+, Na+, Ca2+), porosity, and specific 
surface area. Moreover, biochar within the biochar-clay composites can 
provide an appropriate surface for the kaolinite particles distribution. 
Consequently, biochar’s sorptive performance can be enhanced by 
employing structural modifications (such as co-precipitation and ball- 
milling techniques) and impregnation with clay materials. Ball-milling 
(involving the mechanical grinding of the clay and biochar precursors 
together) enhances interfacial contact between clay and biochar, 

promoting synergistic effects and improving the overall performance of 
the composite material. The co-precipitation method offers advantages 
such as precise control over the composition, morphology, functionali
zation, and particle size distribution of the obtained composite (Foong 
et al., 2022). Combining these techniques to prepare clay-biochar 
composites allows the development of tailored composite materials 
with desirable properties for eliminating a wide range of emerging 
contaminants from an aqueous solution. 

The overarching aim of this study was to develop a straightforward 
method for synthesizing a low-cost engineered functionalized biochar- 
clay composite (FBKC) utilizing algal biomass and natural kaolinitic 
clay. The engineered composite was successfully synthesized through 
three simple steps of pyrolysis, ball milling, and co-precipitation 
methods to achieve the highest sorptive performance towards the tar
geted pollutants. The applied methods aimed to improve the perfor
mance of FBKC composite to be a multifunctional sorbent able to 
eliminate various pollutants through varied sorption mechanisms. 
Various analytical techniques extensively characterized the prepared 
FBKC and the initial precursors (BC and KC). The FBKC sorbent was 
subsequently employed for NFX/CVD sorption via two aqueous sorption 
systems (batch and dynamic (fixed-bed column) modes). Furthermore, 
the confirmed governing sorption mechanisms of NFX/CVD onto FBKC 
were successfully investigated and discussed. Finally, a concise presen
tation of the cost estimation of FBKC was provided. 

2. Materials and methods 

2.1. Feed stocks and reagents 

Marine green alga Enteromorpha flexuosa (harvested from El-Gameil 
coast, Mediterranean Sea, Egypt) was used as a feedstock in the biochar 
synthesis. The green alga was thoroughly underwent a rigorous cleans
ing process (in situ) consisting of three successive washes with normal 
water to eradicate any accumulated dirt effectively. Thereafter, the algal 
mass was transferred to the laboratory for the necessary pretreatment in 
an airtight-plastic bottle (labeled as MGA) to prevent any moisture 
intrusion. The pulverization of the alga into powder form was accom
plished with the aid of a pestle and mortar. The resulting algal biomass 
was subsequently sieved and stored within an airtight plastic bottle until 
further usage. Natural Kaolinitic clay samples were obtained from Abu 
Zenima area, South Sinai, Egypt. The utilized KC samples were specif
ically collected (lumped form) from the Kaolinitic-bearing members of 
the Matulla Formation, which outcropped at Abu Zenima area. There
after, the KC samples were subjected to a pretreatment process, as re
ported previously by Maged et al. (2023a). Thereafter, the samples were 
stored and labeled as KC. 

2.2. Synthesis of functionalized biochar-clay composite 

The dried MGA powder was subjected to a rigorous pyrolysis process 
(tube furnace, 600 ℃, 3.0 h) with a rate of 5 ℃/min and a nitrogen flow 
of 0.1 L/min (continuous flow). The determined biochar yield after the 
pyrolysis process was found to be 39%. The sample subsequently un
derwent a further washing procedure utilizing deionized water to ensure 
the complete removal of any residual impurities from the obtained 
material. The resulting biochar (BC) was dried (105 ℃, 6 h). The pre
cursor materials, KC and BC, with a specific mass ratio (1:1 wt%), were 
carefully placed within a specialized ball-milling container at a precise 
mass ratio of 1:100. The ball mill was subsequently automated to 
operate at 600 rpm for 5 h and labeled as KC-BC. 

For the functionalized biochar-clay composite, the co-precipitation 
method was applied for the KC-BC composite. Briefly, 25 g of KC-BC 
composite was mixed with a 2:1 M ratio of FeCl3⋅6H2O (M3+) and 
FeSO4⋅7H2O (M2+) in a 250 mL round-bottomed flask with continuous 
stirring for 90 min. Subsequently, the suspension was heated at 80 ℃ 
while being magnetically stirred for a further 45 min. Afterward, 40 mL 
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of the precipitating agent (1.0 M NaOH) was gradually added under 
constant stirring at 80 ℃. The formation of a black precipitate indicated 
the successful synthesis of the functionalized KC-BC composite. Finally, 
the resultant functionalized composite was separated from the synthesis 
medium using a neodymium magnet, washed twice, dried (90 ℃, 24 h), 
and labeled as FBKC. The final sorbent form (FBKC) and the utilized 
precursors were characterized, and their adsorption properties were 
subsequently investigated. Thereafter, the stability test of FBKC was 
performed (see supplementary material). Furthermore, a screening test 
was performed, and the results showed that the composite and FBKC 
have a higher sorption capacity compared to the original precursors (BC 
and KC) (see supplementary material). 

2.3. Batch and column (fixed-bed) studies 

The equilibrium batch experiments were conducted in capped 100 
mL glass bottles containing a sorbent amount of 0.4 g/L, a measured 
volume of NFX and CVD solution, and a known concentration of NFX 
and CVD. The bottles (containing NFX/CVD and FBKC) were agitated 
(200 rpm) in an orbital shaker for a known period (up to 300 min) at 
room temperature. Freshly prepared solutions (0.1 M NaOH/HCl) were 
employed to adjust the pH of the solutions. The impact of several 
experimental conditions on the sorption of NFX/CVD onto FBKC was 
also investigated to optimize the batch sorption process. The influence of 
solution pH (2–9), adsorbent quantity (0.1–1.0 g/L), adsorbent- 
adsorbate interaction time (0–300 min), initial NFX/CVD concentra
tion (5–200 mg/L), and ionic strength (NaCl, 0.02 – 0.10 M) were 
investigated in triplicate through the adsorption process to ensure 
reproducibility and standard deviations were calculated (maximum 2% 
error; shown via error bars). The suspension, after equilibration, was 
filtered, and the residual concentration of NFX and CVD was determined 
via UV–vis spectrophotometer at λmax of 278 and 584 nm, respectively. 
Furthermore, FBKC was evaluated in a continuous-flow system to vali
date its capability for scaling up the process. The column preparation, 
parameters, applied equations, models, and calculations were conducted 
according to Maged et al. (2023c). All column experimental runs were 
performed in duplicate (mean values and standard deviations are pre
sented via error bars) under the same conditions for each run. 

3. Results and discussion 

3.1. Characterization studies 

3.1.1. XRD analysis 
The XRD mineral phases of the algal BC exhibited amorphous char

acteristics with the detection of XRD reflection around 2θ = 26.00◦ and 
44.00◦, corresponding to the diffraction planes 111 and 002, respec
tively (Qin et al., 2023). The detection of these peaks for BC indicates the 
presence of amorphous carbon of the successfully obtained algal BC. 
Moreover, the obtained XRD results of KC evidenced that well- 
crystallized (001) kaolinite (2θ ≈ 12.20◦) and quartz (2θ ≈ 26.83◦) 
are the dominant constituents of utilized clay (Maged et al., 2023a). For 
the engineered functionalized composite, the XRD spectra of FBKC 
showed the characteristic reflections of the involved precursors (BC, KC, 
and magnetite) crystal planes (see supplementary material). However, 
in some cases, the detected peaks exhibited a reduced intensity and 
disappearance of the existing phases, implying that the composite 
structure became more amorphous. The XRD pattern of the magnetite- 
loaded composite (FBKC) demonstrated seven sharp characteristic 
peaks of magnetite at 2θ values of 32.66◦, 35.65◦, 38.13◦, 43.39◦, 
53.66◦, 58.01◦, and 61.91◦, corresponding to the (220), (311), (222), 
(400), (422), (511), and (440) of the magnetite (JCPDS card no. 
11–0614) and hematite (JCPDS card no. 33–0664) crystal planes, 
respectively. The peaks of FBKC at 2θ = 12.29◦, 26.93◦, and 38.85◦

correspond to the primary KC crystal structure, evidencing that KC 
particles were successfully impregnated onto the BC surface. 

Furthermore, a new peak was detected at 2θ ≈ 8.76◦ for the kaolinite 
mineral, which possesses an increased interlayer spacing (d001) of KC 
(10.17 Å) as compared to the 7.26 Å value of raw KC. This phenomenon 
could be ascribed due to the insertion of BC and iron particles into the 
interlayer space (Maged et al., 2023c). This hypothesis is reinforced by 
the findings from the FT-IR analysis (Section 3.1.2.) and explains the 
superior sorption capacity of FBKC compared to original precursors. 

3.1.2. FT-IR analysis 
The transmittance spectra for BC, KC, and FBKC showed substantial 

variations between utilized precursors and FBKC composite (see sup
plementary material). Precisely, the FT-IR spectrum of the obtained 
FBKC composite reflects the enriched functional groups on the FBKC 
sorbent surface, which consequently explains the significant sorption 
performance of the composite. The band around 1430 cm− 1 is assigned 
to C = O of the carboxyl group. The sharp band in the 1500–1700 cm− 1 

range is attributed to the C = C and C = O vibrations, which could be 
ascribed to BC’s aromatic ring stretching. However, the vibration of the 
methyl group was observed by the band around 2850–3000 cm− 1. Hy
droxyl group stretching at 3655 cm− 1 and Si–O stretching at 1050 cm− 1 

were the characteristics of KC spectra. Nonetheless, the observed 
broadening after the preparation of FBKC implies the intercalation of 
specific groups within the layers of the KC, resulting in a slight 
displacement towards the higher wavenumber region. Additionally, the 
Si-O and Al-OH deformation bands in the KC spectrum appeared in the 
range of 1015–912 cm− 1 in which these bands were stretching at 1015 
cm− 1 and bending at 913 cm− 1, respectively. The functionalized com
posite FBKC showed a new appearance of bands in the same wavelength 
ranges compared to utilized biochar and clay. These findings indicate 
that the iron functionalization of FBKC significantly increased the sur
face functional groups. Furthermore, The characteristic bands of FBKC 
around 500–600 cm− 1 are ascribed to the Fe–O stretching vibrations 
(see supplementary material), which were accredited to the formation of 
FexOy nanoparticles (Wang et al., 2019). Consequently, incorporating 
Fe-O as active groups onto the FBKC surface is anticipated to the 
observed increase in the sorption potential for the targeted pollutants. 
The aforementioned observations support the successful synthesis of 
FBKC composites based on BC and KC. 

3.1.3. Raman analysis 
The variation in the Raman spectra between BC and FBKC is pre

sented (see supplementary material). The D band corresponded to the 
sp3 vibrational mode of amorphous carbon and was detected around a 
wavelength of 1300 cm− 1, indicating the presence of lattice imperfec
tions in the carbon structure. However, the band observed around 1550 
cm− 1 corresponds to the G band, which is a distinctive absorption 
feature resulting from the in-plane sp2 hybridized C–C bond stretching 
vibration. This peak signifies the presence of a well-maintained graphitic 
structure. The ID/IG ratio (intensities ratio) is a significant parameter for 
evaluating the degree of graphitization in carbon-based materials. The 
good ID/IG ratio (0.84) of BC suggests that BC comprises a substantial 
amount of both ordered and disordered graphitic carbon structures (see 
supplementary material). However, the ID/IG ratio of FBKC (1.08) was 
higher than BC, indicating that Fe modification enhances the graphiti
zation degree (Al-Lagtah et al., 2016). Furthermore, the closer the 
resemblance between the structural characteristics of BC and FBKC and 
graphite, the more conducive to creating robust π-π conjugated struc
tures with benzene rings and similar structures, which enhances the 
sorption favorability for organic pollutants such as CVD and NFX. The G′ 
band (2D-band) arises from a two-phonon lattice vibration process and 
is considered the second-order overtone of the D-band. Typically, the G′ 
band is employed for evaluating the thickness of graphene layers. In 
single-layer graphene, this band exhibits a sharper and more pro
nounced peak compared to multi-layer graphene (see supplementary 
material). The 2D band is commonly utilized to ascertain the thickness 
of graphene layers. It exhibits greater sharpness and intensity in single- 
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layer graphene compared to multi-layer graphene. Based on the ob
tained Raman results, the FBKC structure entails a graphitic structure 
consisting of multiple graphene layers (Sajjadi et al., 2021). 

3.1.4. Elemental composition 
Fig. 1 illustrates the elemental composition (wt.%) of BC, KC, and 

FBKC. The percentages of O, Al, Na, and Si elements for FBKC were 
higher than BC, which mainly attributed to introduction of KC element 
contents (Fig. 1). Various ions, such as Fe, K, Na, and Cu, were initially 
observed in the KC sample. The presence of these cations in the KC 
specimens is referred to as polycationic KC, which is advantageous for 
the sorption process (Maged et al., 2020). Moreover, the magnetic 
modification of the synthesized composite significantly increased the O 
content of FBKC, consequently increasing the O-containing functional 
groups. This could potentially promote the formation of hydrogen bonds 
with targeted pollutant molecules, subsequently augmenting the sorp
tion capacity. Additionally, the EDS analysis revealed that the Fe content 
was dramatically increased in FBKC due to iron modification (Fig. 1). 
These findings confirmed that iron was successfully impregnated to BC 
and KC composite by increasing Fe percentage and the presence of 
corresponding peaks. 

3.1.5. Surface morphology and measurements 
The surface morphology (via SEM images) of the utilized FBKC sor

bent (biochar-clay composite) and its original precursors BC and KC are 
depicted in Fig. 1, respectively. A highly porous surface was observed on 
the biochar surface (Fig. 1). However, the SEM micrograph of KC 
exhibited irregular-hexagonal layered-structure (flaky-structure) for
mations (Fig. 1). The SEM analysis of FBKC (Fig. 1) showed that BC 
particles adhered to the clay surfaces, resulting in a more uneven 
morphology on the clay and biochar surfaces, which, in turn, furnished a 
greater reactive surface area for sorption than the standalone biochar. 
However, the clay particles did not entirely encapsulate the biochar 
surface and vice versa, thus maintaining the accessibility of the biochar 
pores and clay layer to adsorbate molecules. Furthermore, Fig. 1 illus
trates that a considerable number of Fe-nanoparticles were impregnated 
onto the composite structure, resulting in a rougher surface and subse
quent increase of the functional groups (confirmed by FT-IR and XRD). 
These findings further validate the successful synthesis of the function
alized (FBKC) biochar-clay composite. 

The obtained BET results demonstrated that the determined surface 
area (SBET) of FBKC is 221.04 m2/g, which was approximately five-fold 
and thirty-fold higher than BC (47.02 m2/g) and KC (7.19 m2/g). 
Additionally, the total pore volume (TPV = 0.24 cm3/g) was signifi
cantly increased compared to the utilized precursors. The remarkable 

increase in FBKC textural properties can be accredited to integrating KC 
and the impregnation of Fe-nanoparticles, which supplied more avail
able sorption sites for removing NFX and CVD. These findings were 
corroborated by the FTIR and XRD results, which demonstrated an 
expansion in the KC interlayer space and the inclusion of new functional 
groups in FBKC. 

3.2. Batch sorption studies 

3.2.1. Effect of pH 
The solution pH plays a crucial role in governing the sorption of an

tibiotics and dyes onto FBKC composites. The solution pH additionally 
affects the molecular state of the targeted pollutants and the surface 
charge of sorbents, which are dependent on the pHzpc of the solid phases. 
The results of the stability investigation confirmed that FBKC composite is 
chemically stable in a strongly acidic medium and the measured pHzpc 
value of FBKC was found to be 5.73 (see supplementary material), indi
cating that FBKC surface carries a positive charge at pH values below the 
pHzpc and, conversely, a negative charge at pH values above the pHzpc 
value. The obtained data showed that the sorbed amount of NFX was 
progressively increased as the solution pH increased (see supplementary 
material). The highest NFX sorption by FBKC was exhibited at pH 6, 
followed by a gradual decrease up to pH 9. This phenomenon can be 
explained due to the ionic speciation forms of NFX and pHzpc of FBKC. The 
acid dissociation constants (pKa) values of NFX are found to be 6.22 and 
8.51 for the first and second dissociation constants (pKa1 and pKa2), 
respectively (Jiang et al., 2023). The NFX molecules exhibit three distinct 
structural configurations depending on the solution pH level. In the acidic 
medium (pH < pKa1 (=6.22)), the NFX cationic form (NFX+) is the 
dominant form in the solution (carboxyl group). In the alkaline medium, 
when the solution pH is beyond pKa2 (=8.51), NFX is mainly anionic form 
(NFX− ) due to deprotonation of the amine group (at piperazine moiety). 
However, in the solution pH range between pKa1(6.22) and pKa2 (8.51), 
zwitterionic form (NFX±) is the dominant species due to the protonation 
and deprotonation processes of the amine groups and carboxylic acid, 
respectively (Chen et al., 2022). In fact NFX exhibited cationic form 
(NFX+) in pH less than 6.22, and FBKC surface carries a positive charge at 
the same pH range. Consequently, the low sorption capacity of NFX at the 
acidic medium could result from electrostatic repulsion initiated by 
positively charged NFX and FBKC surfaces. The low sorption capacity of 
NFX at a pH levels above 7 could be ascribed to a similar mechanism as 
found at pH < 7. However, at pH range of 5.73 to 8.51, the NFX cationic 
and zwitterionic forms dominate, and the FBKC surface charge was 
negative, leading to electrostatic attraction. 

Alternatively, the removal efficiency of CVD significantly increased 
from 74% (pH 2) to 100% (pH 8) (see supplementary material). The 
reduced sorption capacity observed in the acidic medium can be 
accredited to electrostatic repulsion between the positively charged 
surface of FBKC (resulting from the protonation of oxygen-containing 
functional groups) and the cationic species of CVD present in the solu
tion. Indeed, considering the presence of two pKa values for CVD (5.31 
and 8.64) (Abdi et al., 2020), high sorption capacity exhibited by FBKC 
sorbent towards the CVD in an alkaline medium can be ascribed to the 
electrostatic attractive forces between the negatively charged deproto
nated FBKC and the positively charged species of CVD. The findings 
demonstrated that an alkaline pH could enhance the elimination of CVD 
molecules. Nevertheless, FBKC demonstrated a high removal efficiency 
towards CVD, even in harsh acidic solutions. This suggests that the 
sorption of CVD onto the FBKC sorbent may be governed by other 
influential mechanisms such as H-bonding, pore-filling, and π-π stack
ing. Based on the experimental data for NFX ad CVD, pH ≈ 6 was 
selected as the optimum pH. Furthermore, the FBKC dosage was opti
mized (0.40 g/L). Fig. 2(a) illustrates the superior sorption performance 
of FBKC towards CVD compared to NFX, which demanded less FBKC 
dosage to reach the saturation plateau. 

Fig. 1. EDS elemental analysis of BC, KC, and FBKC samples along with their 
corresponding SEM images. 
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3.2.2. Influence of ionic strength 
Studying ionic strength is vital for comprehending and optimizing 

pollutant adsorption, as it reveals electrostatic interactions, solution 
chemistry, and treatment efficacy in complex environmental matrices. 
Assessing the sorption efficiency (%) index of FBKC sorbent towards 
CVD/NFX molecules in the presence of dissolved background ions 
(NaCl) (Fig. 2(b)), intended to simulate the components found in in
dustrial wastewater, is adequate. A slight loss in the CVD removal (from 
100.00 to 96.10%) by FBKC sorbent was recorded in the multi- 
component system (Fig. 2(b)). This can be ascribed to the effect of 
NaCl, which leads to the shielding of surface active sites by increasing 
the ionic strength of the aqueous media and varying the dye solubility 
(Ding et al., 2022). In the case of NFX, different sorption trend was 
observed (Fig. 2(b)), the NFX removal (%) slightly increased from 82.00 
to 84.00% at the low electrolyte concentrations (up to 0.04 M), followed 
by a marginal decrease with increasing the electrolyte concentrations 
(up to 0.10 M). This observation can be ascribed to the salting-out 
phenomenon, which enhances the activity coefficient of hydrophobic 
organic compounds (Maged et al., 2021). 

3.2.3. Reusability of the spent sorbent 
The sorbent reusability is a vital aspect of the treatment processes, as 

it promotes economic viability, sustainability, waste reduction, and 
long-term effectiveness. Two distinct regeneration agents (NaOH and 
methanol) were utilized to regenerate the active sorption sites of the 
spent FBKC sorbent (Fig. 2(c)). Intriguingly, the removal efficiency of 
FBKC, in the case of NaOH eluent, showed only a slight decrease in the 
removal of CVD (from 100.00 to 92.46%) and NFX (from 83.00 to 
80.19%) after the 5th cycle of sorption–desorption (Fig. 2(c)). The 
considerable maintained sorption efficiency after the 5th cycle can be 
accredited to the original character of FBKC. The phenomenon can also 
be credited to the protonation of the surface charge of FBKC by NaOH 
eluent. Moreover, the observed slight decrease can be attributed to the 
loss of a specific quantity of the utilized FBKC sorbent mass during the 

regeneration process and/or the obstruction of active sorption sites 
(Elgarahy et al., 2023b). Contrarily, using methanol as eluent was found 
to be less efficient in the case of FBKC-CVD regeneration (decreased 
from 100.00 to 22.11%) (Fig. 2(c)). This can be ascribed to the less 
regeneration performance of methanol to reactivate the occupied 
binding sites by CVD of FBKC (Yan et al., 2023). However, the same 
eluent was relatively convincing in the case of NFX (Fig. 2(c)). The 
observed outcomes in the subsequent sorption–desorption experiments 
prioritized NaOH as a preferred eluent for the desorption of CVD and 
NFX, thus confirming the reliability of FBKC sorbent during multiple 
recycling phases. 

3.2.4. Influence of contact time (kinetic modeling) 
The sorption capacities of FBKC for CVD and NFX were assessed as a 

function over a time range of 360 min (Fig. 2(d)). The experimental data 
demonstrated a sharp increase in the sorption capacity of FBKC for CVD 
within the initial 30 min (quick initial sorption), reaching approximately 
73.56% removal (Fig. 2(d)). However, the removal of NFX required 
about 100 min to get a similar removal percentage (Fig. 2(d)). The 
enhanced sorption rate monitored during the initial stages was facili
tated via the concentration gradient existing between the unoccupied 
sorptive sites/functional groups of FBKC and the readily accessible 
CVD/NFX molecules (Mahmoud et al., 2021). Furthermore, as the con
tact time increased, the sorption rate progressively decreased until it 
reached a stagnant state (equilibrium), indicating that no further sorp
tion occurred (reached a plateau) (Yao et al., 2021). Fig. 2(d) exhibits 
the fitting curves for three kinetic (pseudo-1st order, pseudo-2nd order, 
and Elovich) models along with the corresponding calculated parameter 
values (Table 1). The kinetic data of FBKC exhibited a good fit with the 
pseudo 2nd order model (R2 of 0.99) for both CVD and NFX compared to 
the other employed models (Table 1). Following the experimental data 
to this model implies the presence of strong chemisorption interactions 
between FBKC and CVD/NFX molecules, such as ion exchange chemical 
reactions, complexation, pore filling, and H-bonding reactions (Liao 

Fig. 2. (a) Effect of sorbent dosage, (b) Effect of ionic strength, (c) Regeneration studies (eluent: NaOH and methanol), (d) Non-linear sorption kinetic modeling, (e) 
Non-linear sorption isotherm modeling, and (f) Plot of separation factor (RL) for NFX and CVD sorption onto FBKC. 
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et al., 2023). The theoretical sorption capacities (qe,cal), as determined 
by pseudo 2nd order model, were found in agreement with the experi
mental value, confirming the validity of the best fitted model. Further
more, the estimated initial sorption rate (v0) for CVD dye was found to 
be three-fold higher than NFX (Table 1). This finding explains the faster 
initial sorption of CVD (30 min) compared to NFX (100 min) (Maged 
et al., 2023c). 

3.2.5. Influence of initial concentration of pollutants (Isotherm modeling) 
Generally, the sorption capacity of FBKC for CVD/NFX exhibited a 

gradual increase as the primary concentration was increased up to 300 
mg/L (Fig. 2(e)). This can be attributed to the availability of an adequate 
number of accessible vacant sorptive sites within the porous structure of 
FBKC. This can also be attributed to the reduced steric repulsive forces 
between the adsorbed and diffused CVD/NFX molecules. At higher 
CVD/NFX concentrations, there was an associated increase in the fre
quency of effective collisions between CVD/NFX and FBKC composite 
(Fig. 2(e)). Consequently, more CVD/NFX molecules were captured 
within the binding sites of FBKC, driven by concentration gradient 
phenomenon (Aina et al., 2023; Hu et al., 2021). This led to an 
enhancement in the sorption capacity of FBKC sorbent. The experi
mental data obtained was further employed to assess the CVD/NFX 
sorption onto FBKC via fitting to three non-linearized isotherms 
(Freundlich, Temkin, and Langmuir) models (Fig. 2(e)), and their pa
rameters were calculated (Table 1). The Freundlich isotherm model, 
based on R2 and RMSE, provided the best fit for the isotherm data of 
FBKC towards CVD and NFX molecules. Hence, the sorption of CVD and 

NFX occurred on heterogeneous surfaces of FBKC, indicating that it was 
a multilayer process. Moreover, these findings were consistent with the 
results obtained from kinetic modeling, suggesting that the adsorption 
process could involve multiple mechanisms. Consequently, the sorption 
of CVD and NFX by FBKC could occur via both physisorption and 
chemisorption (Maged et al., 2021). Furthermore, the maximum sorp
tion (monolayer) capacity, via the Langmuir model, of NFX and CVD on 
FBKC composite was found to be 192.80 and 281.24 mg/g, respectively 
(Table 1). Furthermore, the favorability of the sorption process was 
assessed by determining RL (dimensionless constant separation factor 
(Fig. 2(f))) values of FBKC for CVD/NFX molecules and was found in the 
range between 0 and 1 (Table 1). These findings suggest the favorability 
of sorption process and imply a strong binding between CVD/NFX 
molecules and FBKC (Saini et al., 2023). 

3.3. The proposed sorption mechanisms 

The physicochemical characterization, sorption data, and theoretical 
models were all combined to get insight into the possible confirmed 
mechanisms involved in the CVD/NFX sorption onto FBKC. Kaolinitic 
clay, utilized as a naturally occurring adsorbent, is acknowledged for its 
significant cation exchange capacity, particularly for cationic contami
nants. On the other hand, biochar derived from algal biomass exhibits 
versatile capabilities to effectively eliminate various types of pollutants. 
Moreover, introducing FexOy nanoparticles, via the co-precipitation 
method, to the obtained composite resulted in a significant increase in 
physicochemical properties of BCKC (biochar-clay composite before 

Table 1 
The model (kinetic and isotherm) parameters of NFX and CVD sorption onto FBKC sorbent.  

Pollutants Pseudo-first-order kinetic model (qt = qe(1 − e− k1 t))

k1 (1/min) qe,cal (mg/g) qe,exp (mg/g) RMSE R2  

NFX 0.02 ± 0.002 56.35 ± 1.26 63.17 6.76 0.986  
CVD 0.05 ± 0.006 68.37 ± 1.77 75.53 14.33 0.978    

Pseudo-second-order kinetic model (qt =
k2q2

e t
1 + k2qet

)

k2 (g/mg min) qe,cal (mg/g) qe,exp (mg/g) v0 (mg/g min) RMSE R2 

NFX 4.26*10− 4 ± 2.39 *10− 5 69.22 ± 0.81 63.17 2.04 1.14 0.997 
CVD 0.001 ± 6.80 *10 − 5 80.88 ± 0.99 75.53 6.54 2.31 0.996   

Elovich kinetic model (qt =
(1

β

)

Ln(1+αβt))

α (mg/g min) β (g/min) qe,exp(mg/g) RMSE R2  

NFX 5.19 ± 0.11 0.08 ± 0.005 63.17 4.00 0.975  
CVD 32.76 ± 1.35 0.079 ± 7.2 E− 4 75.53 9.32 0.944    

Langmuir isotherm model (qe =
qmKLCe

1 + KLCe
)

qmax(cal) (mg/g) KL (dm3/mg) RL RMSE R2  

NFX 192.80 ± 29.60 0.03 ± 0.01 0.14–0.84 36.77 0.877  
CVD 281.24 ± 24.92 0.05 ± 0.01 0.08–0.85 32.47 0.961    

Freundlich isotherm model (qe = KFC1/n
e )

KF (mg/g) (L/mg)1/n n RMSE R2   

NFX 26.55 ± 4.60 0.37 ± 0.04 10.36 0.950   
CVD 45.56 ± 3.46 0.36 ± 0.02 5.37 0.993     

Temkin isotherm model (qe =
RT
b

lnKTCe)

KT (L/g) b RMSE R2   

NFX 2.04 ± 1.63 25.44 ± 4.64 38.51 0.873   
CVD 5.81 ± 3.38 33.06 ± 4.05 63.53 0.924    
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modification), such as mesopore structure and specific surface area. This 
procedure was highly advantageous because it significantly increased 
the availability of sorption sites, thereby improving the removal effi
ciency of CVD and NFX. 

Based on the FTIR spectra for FBKC, FBKC-CVD, CVD, FBKC-NFX, 
and NFX, the results showed that the C = C vibration band between 
1480 and 1635 cm− 1 (FBKC) was shifted towards the lower wavelength 
and decreased its intensity after the sorption of NFX and CVD molecules. 
Additionally, the FTIR band of FBKC at 2945 cm− 1 disappeared in FBKC- 
CVD and FBKC-NFX. These findings confirmed the contribution of the 
π-π electron donor–acceptor interactions between the electron-rich 
biochar (resulting from the presence of arene groups) and the 
electron-deficient of CVD/NFX molecules (Elgarahy et al., 2023a; Peiris 
et al., 2017). These findings further confirmed the superior sorption of 
FBKC for NFX in the zwitterionic form and CVD in the cationic form 
(confirmed via pH-edge experiments section; Section 3.2.1). The 
exchangeable cations present in KC may plausibly engage in interactions 
with the NFX (zwitterionic) and CVD (cationic) molecules (Li et al., 
2018). Moreover, a notable decrease and disappearance of O − H group 
(≈3500 cm− 1) corresponds to KC, after sorption in addition to SiO2 
absorption bands were observed. These bands variation could be 
attributed to the surface, edges, and interlayer spaces of KC especially 
after the magnetic functionalization (Chen et al., 2016). Furthermore, 
the FTIR peak intensity of C = O at 3490 cm− 1 extensively decreased/ 
disappeared after CVD/NFX sorption owing to the formation of 
hydrogen bonds with CVD and NFX molecules (Shi et al., 2023). 

The stronger sorption of CVD/NFX molecules can be accredited to 
the electrostatic interactions between the varied functional groups of 
FBKC, which compete with the functional groups of CVD/NFX molecules 
(coulombic attraction with amide group) (Atugoda et al., 2021). This 
finding can explain the heterogeneity character deduced from the ki
netic modeling of FBKC. However, the sorption mechanism of organic 
contaminants onto biochar involves two distinct types of interactions: 
sorption onto the carbonized fraction of BC and partitioning within the 
non-carbonized fractions of BC (Ashiq et al., 2019). The experimental 

sorption results showed the superior performance of FBKC towards CVD 
compared to NFX. This superior sorption capacity can be attributed to 
the co-precipitation method using Fe(II) and Fe(III), which enhanced the 
existing cations on the FBKC surface. Consequently, the cation exchange 
capacity with CVD increased, owing to the natural cationic character of 
CVD. Besides, the capturing capacities of FBKC (Fe ions) combined with 
silicon-oxygen tetrahedrons of KC in the occurrence of a stable [Si-O] 
and [HO-Fe] via H bonding (confirmed via FTIR and XRD). The bind
ing groups on FBKC (Fe–OH2

+ and Fe–OH) demonstrated a strong affinity 
for CVD molecules by exchanging (–OH-) groups on the sorbent’s sur
face, resulting in the formation of mononuclear monodentate and 
binuclear bidentate inner-sphere complexes (Maged et al., 2023c). 
Moreover, the obtained Raman analysis demonstrated a noticeable 
decrease in the ID/IG ratio for FBKC after CVD and NFX sorption. This 
observed decrease revealed strong π–π stacking between FBKC, CVD, 
and NFX. It was noticed that the low ID/IG ratio for FBKC-CVD, 
compared to FBKC-NFX, indicated the high contribution of π–π stack
ing mechanism for CVD sorption compared to NFX sorption (Li et al., 
2021). Furthermore, the SEM results for FBKC after CVD and NFX 
sorption revealed that the surface of FBKC exhibited a compact and 
smoother appearance, which can be attributed to pore blockage. This 
phenomenon confirms that the pore-filling effect mechanism and sur
face complexation were also involved in CVD and NFX sorption. 

3.4. Dynamic sorption (continuous flow system) 

3.4.1. Influence of operating parameters 
Based on the optimum batch system conditions, the dynamic sorp

tion (fixed-bed column) studies were conducted to assess the practical 
applicability (scale-up process) of FBKC towards CVD/NFX removal. 
Four experimental runs were performed for each pollutant (CVD and 
NFX), including inlet CVD/NFX concentration (feeding adsorbate of 
15.00 and 25.00 mg/L), adsorbate flow rate (1.50 and 3.00 mL/min), 
and packed FBKC amount (bed height of ≈ 0.50 cm (50 mg) and ≈ 1 cm 
(100 mg)) in the column (breakthrough curves plots) (Fig. 3). 

Fig. 3. Breakthrough curves of NFX and CVD sorption onto FBKC at (a) Run 1, (b) Run 2, (c) Run 3, and (d) Run 4, along with their corresponding applied ki
netic models. 
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Furthermore, the obtained column parameters for FBKC were precisely 
calculated and tabulated in Table 2. The variation in bed height (FBKC 
loading amounts) within column experiments significantly influences 
fluid dynamics, mass transfer processes, and overall continuous flow 
system performance. The influence of packed FBKC amounts (Run 1–2) 
was plotted and presented in Fig. 3(a-b). The obtained breakthrough 
curve illustrated that increasing the packed bed height (from 0.50 to 
1.00 cm) significantly improved the column performance, such as bed 
capacity (from 32.54 to 37.90 mg/g for NFX and from 35.25 to 53.98 
mg/g for CVD). The impact of bed height on the column system was 
observed on breakthrough time and steepness (Fig. 3(a-b)), which 
showed approximately two-fold more with the higher bed height (1.00 
cm (100 mg)) compared to the lower bed height for NFX and CVD pol
lutants (Table 2). The results revealed that increasing FBKC amounts 
within the columns (Run 1-2) leads to a proportional rise in the vertical 
extent of the bed inside the column. This finding can be ascribed to 
extending the physical interaction between CVD/NFX molecules and 
FBKC, sufficient available active sites, and intraparticle diffusion rate 
(Omitola et al., 2022). 

Furthermore, the flow rate impact on CVD/NFX sorption was 
assessed by varying inlet flow rate (1.50 (Run 3) and 3.00 mL/min (Run 
4)) with the remaining other parameters constant (50 mg; 25 mg/L) 
(Fig. 3(c-d)). Fig. 3(d) exhibited a decrease in breakthrough time 
(steeper curves) with an increase in flow rate, leading to steeper curves. 
However, the lower flow rate curves (1.50 mL/min (Run 3)) demon
strated a higher RE% and bed capacity compared to the higher flow rate 
(Table 2). These findings can be attributed to insufficient residence time, 
which hinders the interaction between FBKC and CVD/NFX molecules, 
ultimately reducing the binding potential between FBKC and CVD/NFX 
(Ahmed and Hameed, 2018). Furthermore, the feeding concentration 
influence on breakthrough curves for FBKC was evaluated using two 
different initial pollutant concentrations (15.00 mg/L (Run 2) and 
25.00 mg/L (Run 3)) while other parameters were maintained. The 
primary observation for these two runs showed that the breakthrough 
time for FBKC was shortened with the higher inlet concentrations 
compared to the concertation of 15.00 mg/L for both NFX and CVD. The 
observed decrease in the breakthrough time could be accredited to the 
fast rate of occupying the accessible surface binding sites of FBKC (Dovi 
et al., 2022). Interestingly, increasing the inlet NFX and CVD concen
tration from 15.00 to 25.00 mg/L positively impacted the column pa
rameters and performance. The calculated parameters showed increased 
bed capacity, especially for CVD (from 35.25 to 46.39 mg/g) (Table 2). 
This increase can be attributed to the heterogeneous character and 
multi-layer sorption of FBKC, which shows a higher sorption capacity 
with a higher concentration gradient. 

3.4.2. Fixed-bed kinetic modeling 
The obtained experimental breakthrough data (Run 1–4) were fitted 

(non-linear regression) to two fixed-bed kinetic models (Thomas and 

Clark) (Fig. 3(a-b)). Thomas model was initially formulated based on 
the assumptions derived from the pseudo 2nd order kinetic and Lang
muir isotherm models, which were initially developed for batch mode 
sorption systems. However, Clark model relies on two fundamental as
sumptions: (i) the inflow within the column behaves in a piston-like 
manner, and (ii) the mass transfer within the column follows the prin
ciples of the Freundlich isotherm model (Saini et al., 2023). The model’s 
fitting (Fig. 3(a-b)) and calculated model’s parameters confirmed that 
the experimental data greatly fitted to Thomas and Clark models. 
However, the Clark model’s high R2 values are within the range of 0.96 
to 0.99, signifying its ability to effectively predict breakthrough curves 
for NFX and CVD (see supplementary material). The Clark model con
stant, denoted as r (indicates the mass transfer rate), revealed that a 
decline in mass transfer rate has occurred at higher concentrations, 
potentially attributed to active site saturation (Iheanacho et al., 2021). 
This outcome implies the considerable influence exerted by mass 
transfer and the heterogeneous nature of FBKC (Aryee and Han, 2022). 
The theoretical qTH values derived from the Thomas model for all 
experimental runs closely aligned with the corresponding experimental 
qexp values (Table 2). However, a negative correlation between KTH 
values (the rate of solute transfer from the liquid phase to the solid phase 
(Dovi et al., 2021)) and increasing the inlet NFX/CVD concentrations 
was observed (see supplementary material). The observed results can be 
attributed to the enhanced driving force generated by the increasing 
concentrations of NFX/CVD, which facilitated mass transfer within the 
column (Maged et al., 2023c). These findings could also explain the 
established relationship between bed capacity and increasing the inlet 
NFX/CVD concentrations (mentioned in section 3.4.1.). Overall, the 
comparative analysis of the employed models indicated that the Clark 
model outperforms the other model in predicting the sorption behavior 
of NFX/CVD molecules onto FBKC in the continuous flow treatment 
system, indicating that NFX/CVD sorption occurred via a multi-layer 
process (Ostaszewski et al., 2022). 

3.5. Cost estimation 

Accurate cost estimation of biochar adsorbents is essential for eval
uating their economic viability and potential for large-scale applica
tions. The cost of biochar (composite) sorbents can vary depending on 
several factors, including feedstock cost, pyrolysis or carbonization 
process, and chemical activation or surface modification (if applied). It 
is crucial to consider the cost-effectiveness of biochar sorbents con
cerning their sorption capacity and ability to be reused. Higher-quality 
biochar sorbents with superior sorption performance may justify 
higher production costs due to their enhanced properties and longer 
lifespan, resulting in a more economical solution. The cost estimation for 
FBKC was determined using Eq. (1), which involves the breakdown of 
total costs into energy consumption (

∑
Cenergy; (€)) and feedstock/re

agent expenses (
∑

Cmaterials; (€)) (Chen et al., 2023). 

Table 2 
The effect of flow rate, FBKC loading, and initial NFX/CVD concentration on the total adsorbed NFX/CVD (qtotal), equilibrium uptake (qbed), total removal efficiency of 
the column (RE %) and total unadsorbed NFX/CVD concentration at equilibrium (Ceq) for FBKC sorbent.  

Experiments Run 1 Run 2 Run 3 Run 4 

Parameters NFX CVD NFX CVD NFX CVD NFX CVD 

Co (mg/L) 15.00 15.00 25.00 25.00 
Q (mL/min) 1.50 1.50 1.50 3.00 
MFBKC(mg) 100 50 50 50 
Veff (mL) 700 1000 400 520 180 225 300 420 
tb (min) 15 20 9 14 8 8 3 5 
ttotal (min) 380 500 200 260 120 150 100 140 
qtotal (mg) 3.79 5.39 1.63 1.76 1.15 1.31 1.69 2.32 
qbed (mg/g) 37.90 53.98 32.54 35.25 33.86 46.39 22.92 26.20 
mtotal (mg) 10.62 15.21 6.07 7.91 4.50 5.67 7.51 10.58 
RE(%) 35.70 35.48 26.83 22.28 25.44 23.11 22.56 21.92 
Ceq (mg/L) 9.75 9.82 11.09 11.82 18.65 19.38 19.38 19.68  
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Total cost =
∑

Cenergy +
∑

Cmaterials (1) 

The detailed preparation costs of FBKC were analyzed (Table 3). The 
preparation cost of FBKC was calculated to be 5.72 €/kg, which is a 
relatively low-cost sorbent targeting these kinds of pollutants compared 
to activated carbon, ion-exchange resins, and membranes. The low 
synthesis cost of FBKC can be ascribed to the negligible feedstock costs 
(zero cost), reduced electricity consumption, and low-cost modification 
methods (Table 3). One of the advantages of FBKC is the magnetic 
character of the obtained sorbent, saving the filtration costs. Notably, 
the cost can be further decreased when the process is applied on the 
industrial scale for producing a higher amount of FBKC. Additionally, 
treating the actual wastewater (less pollutant concentrations) will 
consume less amount of the obtained sorbent, as FBKC has a high 
sorption capacity. Therefore, the cost estimation analysis provides 
conclusive evidence of the substantial capacity of FBKC to address 
various pollutants, such as pharmaceutical compounds and dyes, at a 
reasonable cost. 

4. Conclusions 

The engineered FBKC, derived from algal biochar and kaolinitic clay, 
and functionalized via the co-precipitation method exhibited superior 
NFX/CVD sorption compared to original precursors due to the improved 
active sites offered from BC, KC, and Fe nanoparticles. FBKC showed 
enhanced SBET (221.04 m2/g) and maximum bed capacity of 37.90 and 
53.98 mg/g for NFX and CVD in continuous flow mode, respectively. 
The fitted theoretical models suggested the corporative heterogeneous 
sorption process. The obtained characterization results confirmed the 
abundance of FBKC functional groups contributed to the sorption pro
cess. The study provides environmentally sustainable biochar composite 
sorbent for emergent contaminants mitigation at a reasonable cost. 
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