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A B S T R A C T

We propose the development of an innovative composite material formed through the pyrolysis of oxidized
cellulose derived from sawdust, utilizing iron-based MOF as a precursor. This novel material incorporates
multiple iron-based components (Fe3O4, Fe3C and Fe0) within a biochar matrix. We employed the composite to
adsorb a cationic dye from aqueous solution. Batch adsorption studies explored the effects of pH, contact time,
and initial dye concentration. The experimental data fitted well with the pseudo-second-order kinetic model,
suggesting chemisorption as the primary mechanism, while equilibrium adsorption results fitted to the Langmuir
isotherm model, described monolayer adsorption displaying the highest adsorption capacity (106 mg/g). A fixed-
bed column experiment further demonstrated effective removal of methylene blue (MB) dye, achieving an initial
breakthrough time of approximately 12 h, and exhibiting an adsorption capacity (qe = 71.14 mg/g) surpassing
batch adsorption capacity at the same concentration (qe batch = 52.53 mg/g), signifying the practical utility of
the materials. In addition, pyrolysis-derived biochar samples displayed improved total organic carbon (TOC)
removal efficiency, with P-Cell-MOF achieving 93 % TOC removal. Density functional theory (DFT) calculations
were employed to investigate the binding of MB on the various materials derived from the pyrolysis of cellulose
with MOF. The calculations show that MB chemisorbs on both Fe(110) and Fe3C(001) surfaces while only
physisorption was observed on Fe3O4(111) and graphene. These computational findings align well with the
experimental data and provide an explanation for the enhanced TOC removal observed with the P-Cell-MOF.

1. Introduction

Waterborne diseases are a pervasive global challenge, impacting
more than 2.3 billion individuals, particularly in developing nations
[1,2]. Water sources can contain various harmful substances such as
heavy metals, polyaromatic hydrocarbons, and dyes. When the levels of
these contaminants exceed safe limits, the water becomes unsuitable for
human consumption [3]. Notably, the textile dyeing industry discharges
wastewater loaded with synthetic dyes, further worsening this issue.
Among these dyes, methylene blue (MB) is prevalent, utilized in appli-
cations like dyeing, chemical indicators, and biomedicine. However,
MB’s extensive use raises concerns due to its potential health and
environmental risks, including conditions like meningitis, neuronal cell
apoptosis, and symptoms like nausea and vomiting [4].

A variety of methods have been used to address wastewater pollu-
tion, such as membrane filtration [5], flocculation [6], co-precipitation

[7], photodegradation [8], biological treatment [9]. Among these,
adsorption onto porous materials has proven to be the most effective
because of its low cost and high efficiency, operational simplicity, and
environmentally friendly nature [10]. Governments increasingly
acknowledge the importance of developing sustainable carbon materials
to address both environmental issues and economic stability. Carbon
materials are highly versatile, finding applications in various fields such
as energy and environmental sciences [11]. Graphitic carbon is favored
for its exceptional chemical stability, large surface area, and excellent
thermal and electrical conductivity [12]. Bio-derived materials are
especially promising for the sustainable production of graphitic carbons
[3]. Biochar has been widely utilized in various fields, most notably as
an adsorbent for removing pollutants from water, including heavy
metals and dyes [13]. Pristine biochar surfaces generally carry a nega-
tive charge because of the dissociation of oxygen-containing functional
groups [14]. To enhance their adsorption capacity for specific
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contaminants, biochar properties have been systematically modified
through various physical and chemical methods. Within literature,
chemical activation has proven to be more effective than physical acti-
vation [15]. During physical activation, the raw material is subjected to
carbonization at elevated temperatures in an inert atmosphere, typically
using carbon dioxide (CO2) or water vapor [16]. In contrast, chemical
modification entails carbonization through a reaction with specific
chemicals in an inert environment at elevated temperatures. These
chemical agents, as reported in previous studies, have demonstrated
their efficacy in enhancing biochar’s adsorption capacity for a range of
target contaminants [17,18].

Iron, being one of the most plentiful metals in the Earth’s crust, is
frequently used in modifying biochar to produce iron-biochar compos-
ites. Research indicates that the presence of zero valent iron (Fe0) in
these composites enhances both reduction and surface adsorption pro-
cesses, making them effective for removing both methylene blue and
acid orange 7 dye [19]. Among the notable members of the iron-based
materials family, iron carbide Fe3C is notable for its unique properties,
including high crystallinity and outstanding stability. Existing literature
provides evidence that Fe3C demonstrates exceptional efficiency in
removing methyl orange over a wide pH range [20]. The combination of
zero valent iron (Fe0) with iron carbide (Fe3C) further enhances their
reactivity and stability while reducing their toxicity [21]. In recent
years, metal–organic frameworks (MOFs) have gained huge attention in
various application including water treatment. Iron based metal-
–organic frameworks (MOFs) including MIL-100(Fe), Fe-BTCMOF, MIL-
88(Fe), MIL-53(Fe) etc. have been utilized in wastewater treatment.
Additionally, the use of MOFs to produce carbon-embedded metal
nanoparticles is a highly adaptable technique. A key advantage of this
approach is the wide variety of MOF structures available, allowing for
flexibility in selecting the optimal active metal [22]. These composites,
referred to as M@C, where ’M’ signifies the metal or metal oxide
nanoparticle, have been extensively studied in numerous syntheses,
with examples such as Co@C, Fe@C, and Fe2O3@C. These materials
have found utility across a spectrum of applications, ranging from bat-
teries and magnetic materials to processes involving aqueous solution
separation and their role as catalysts for oxygen reduction in fuel cells
[23–25].

In this study, our objective is to create an innovative composite
material that incorporates multiple phases of iron compounds within a
biochar matrix. Both native cellulose and cellulose-MOF based com-
posite (both before and after the pyrolysis process) will be compared for
the elimination of cationic dyes from water solutions. Density functional
theory (DFT) calculations are employed to assess the MB binding
properties on materials providing insights into how pyrolysis enhances
MB removal. As far as we are aware, this is the first instance of utilizing
this unique composite structure for dye removal.

2. Experimental

2.1. Materials

Spruce sawdust served as themain rawmaterial, was obtained from a
sawmill in Northern Sweden. Polyvinyl Alcohol (PVA 7200, with a de-
gree of hydrolysis of 86 %) was sourced from RanReac AppliChem
(Spain). Hydrochloric Acid (HCl), Sodium Hydroxide (NaOH), and So-
dium Hypochlorite (NaClO, 15 % active Cl2) were purchased from VWR
(France). Iron (III) Chloride (FeCl3, >98 % purity) was acquired from
Merck (Germany). Trimesic Acid (H3BTC, 95 % purity) was sourced
from Sigma Aldrich (Germany). 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO) was obtained from Apollo Scientific (United Kingdom). So-
dium Bromide (NaBr, 99 % purity) was purchased from J.T.Baker
(Netherlands). Methylene Blue (MB) dyes were obtained from Thermo
Fisher Scientific (UK).

2.2. Experimental methods

2.2.1. Synthesis of Fe-BTC MOF
In this study, iron based MOF, Fe-BTC MOF was synthesized

following the procedure outlined in [26]. In brief, 5.08 g of FeCl3 was
dissolved in 100mL of DI water. A solution containing 2.63 g of Trimesic
acid, 36.85 mL of 1.06 M NaOH, and 63.88 mL of H2O was gradually
added to the FeCl3 solution with continuous stirring. The resulting solid
was collected by centrifugation, rinsed with DI water, and left to air-dry.

2.2.2. Synthesis of TEMPO-Oxidized cellulose Nanofibers
Cellulose fibers were initially extracted from spruce sawdust

following a previously published method [27]. In this process, 50 g of
cellulose fibers were suspended in 3 L of water containing 0.625 g of
TEMPO and 6.25 g of sodium bromide. A solution of NaClO (11.63 mL,
12 %) was added to the mixture. The pH was carefully maintained at 10
by gradually adding 0.5 M NaOH, monitored with a pH meter until the
pH stabilized. The resulting TEMPO-oxidized cellulose was thoroughly
rinsed with water using a filter sieve until a neutral pH was achieved.
The oxidized cellulose was then frozen and freeze-dried at − 60 ◦C and
0.1 mbar.

2.2.3. Synthesis of composite aerogel and Carbon-MOF aerogel
To prepare the (O-cellulose) aerogel, 4 g of oxidized cellulose was

mixed with 100 mL of a 4 % PVA solution and fibrillated using a high-
pressure homogenizer (APV-2000, 100 MPa) for 15 min. Subse-
quently, 6 mL of a 5 % PVA solution was added, and the mixture was left
in an oven for overnight at 75 ◦C for complete crosslinking. The same
procedure was repeated to prepare (O-Cellulose-MOF) aerogel by add-
ing Fe-BTC MOF (0.2 g, 5 % of cellulose mass) before the crosslinking
step. Both types of aerogels were then subjected to pyrolysis under a
nitrogen flow (2 L/min). The TEMPO-oxidized cellulose nanofiber
(TOCN) aerogels were initially heated to 500 ◦C at a rate of 2 ◦C/min,
held at this temperature for 1 h, and then raised to 600 ◦C at the same
rate for another hour. Afterward, the temperature was increased to
900 ◦C at a rate of 5 ◦C/min, where it was maintained for 2 h to complete
the pyrolysis process. The samples were then allowed to cool naturally to
room temperature, resulting in pyrolyzed cellulose named (P-Cellulose)
and pyrolyzed cellulose named (P-Cell-MOF), as shown in Fig. 1.

2.3. Characterization

To investigate the properties, synthesized material was thoroughly
characterized [13,19,28], and all characterization details are provided
in of the Supplementary Information (Section S1).

2.4. Adsorption studies

The removal of (MB) dye through adsorption was examined using
both batch and column techniques. The experimental procedures are
outlined below.

2.4.1. Batch experiments
For batch experiments, MB dye concentrations were quantified

spectrophotometrically at the wavelength of maximum absorbance
(λmax = 663 nm) [29]. For each experiment, 0.02 g of the adsorbent was
added to 10 mL of MB solutions at a concentration of 60 mg/L, with pH
values of 3, 5, 7, and 9. Several parameters were analyzed, such as
contact time (1, 2, 3, 4, 5, 6, 12, and 24 h), initial dye concentrations (25
mg/L, 50 mg/L, 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, and 500
mg/L), and temperature (5 ◦C, 22 ◦C, 35 ◦C, and 45 ◦C). Adsorption
kinetics and isotherms were investigated in these batch experiments.
The dye removal efficiency (%E) and adsorption capacity (qe, mg/g)
were calculated using the following formulas:
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%E =
C0 − Ce

C0
× 100 (1)

qe = (C0 − Ce)
V
m

(2)

Where Co and Ce (mg/L) represent the initial and final concentrations of
MB, respectively. V(L) is the volume of the MB solution in liters, and m is
the mass of the adsorbent in grams.

2.4.1.1. Column experiments. For the column adsorption studies, a fixed
bed of P-Cell-MOF (1.5 g) adsorbent was created by casting it in a plastic
column measuring 6 cm in height and 2 cm in internal diameter. To
prevent adsorbent loss, mesh sieves with a 0.45 µm PTFE (polytetra-
fluoroethylene) membrane filter were placed at both the inlet and outlet.
The total column volume was 0.0188 L. Dye solution was introduced
into the column from the bottom using a peristaltic pump, and effluent
samples were collected from the top at regular intervals for analysis. The
solution flow rate was consistently maintained at 2 mL/min throughout
the experiment, in line with previous research conducted by our group
[30]. The experiment was carried out at a constant temperature of 20 ◦C,
with an initial dye concentration of 100 mg/L and neutral pH, based on
parameters from the batch experiments. The column’s dynamic
behavior was evaluated using a breakthrough curve, which plots the
ratio of effluent dye concentration at time “t” to the initial dye con-
centration (Ct/C0) against time. The adsorption capacity of the column
(qe, mg/g) measures the amount of MB dye adsorbed per gram of
adsorbent until saturation. In this study, the saturation point is defined
when Ct/C0 reaches 0.6. The adsorption capacity is determined by the
following equation:

qe =
C0Q

1000mads

∫ ts

0

(

1 −
C(t)
C0

)

dt (3)

Where C0 represents the MB dye concentration in the feed (mg/L), Q is
the volumetric flow rate (mL/min), and mads is the mass of the adsorbent
(g) [31].

2.5. Desorption and regeneration experiments

To evaluate the reusability of the P-Cell-MOF adsorbent, a set of
desorption and regeneration tests was performed. After the adsorption
of MB dye from the aqueous solution, P-Cell-MOF adsorbent was sub-
jected to a cleaning process using 70 % ethanol, accompanied by rinsing
with deionized water. The regenerated adsorbent was then reused for

the removal of MB dye from the aqueous solution. After each regener-
ation cycle, the MB dye concentration in the filtrate was analyzed using
UV–visible spectroscopy. The recyclability of the mixed metal P-Cell-
MOF was assessed by conducting five cycles for MB adsorption.

2.6. Density functional theory calculations

2.6.1. Computational details
The electronic structure calculations were carried out using spin-

polarized density functional theory (DFT), as implemented in the
GPAW software [32,33]. The grid-based finite difference method was
used for solving the Kohn-Sham equations with grid spacing of 0.24 Å for
Fe3O4, 0.20 Å for Fe3C and 0.18 Å for graphite and Fe metal surface. The
exchange–correlation functional proposed by Perdew, Burke and Ern-
zerhof (PBE) [34] was used, along with the D4 dispersion correction by
Grimme [35] For Fe3O4, the DFT + U was applied to the d-electrons of
Fe, using a 4.9 eV correction determined from a linear-response calcu-
lation on the primitive bulk [36–38].To account for the solvent/solute
interactions, we used the Continuum Solvent Model (CSM) [39] to
calculate the adsorption of a neutral MB molecule on all investigated
surfaces. For calculations involving a charged MB cation, we employed
the Solvated Jellium Method (SJM) [39,40]. All geometry optimization
calculations were performed until the atomic forces were below 0.05
eV/Å.

The adsorption energies for a MB chloride (MB-Cl) molecule, were
calculated as

Eads = Etot − ECSM
surf − ECSM

ads (4)

where Etot the total energy of the surface and the adsorbed molecule,
ECSM

surf is the energy of the bare surface and ECSM
ads is the energy of the

adsorbed molecule. The reference surface and MB energies were calcu-
lated using the continuum solvent model (CSM).

2.6.2. Surface models
The graphite surface was mimicked by a single graphene layer with a

p(8× 5) unit cell together with a (1× 2× 1) k-point sampling. For bulk
bcc-Fe, the calculated lattice constant and magnetic moment are 2.91 Å
and 2.19 μB respectively, in line with experimental values of 2.86 Å and
2.22 μB[41,42]. A (6× 5× 3) slab was used to represent the most stable
Fe(110) surface, with the bottom layer fixed into its bulk positions and a
(2× 2× 1) k-point mesh was employed to sample the reciprocal space.

Crystalline θ-Fe3C has an orthorhombic lattice in the space group
Pnma. Our calculated lattice parameters, a = 4.491 Å, b = 5.030 Å, and c
= 6.739 Å, and magnetic moments (Feg: 1.93 μB and Fes: 2.01 μB) agree

Fig. 1. Schematic representation of the procedure for synthesizing P-Cell-MOF sample.
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reasonably well with the experimental values (a = 4.524 Å, b = 5.088 Å,
c = 6.741 Å and average magnetic moment of Fe, 1.78 μB) [43,44]. We
chose the most stable θ-Fe3C(001) to represent the surface of the iron-
carbide having both exposed carbon and iron atoms [45]. The (001)
surface was modelled as a 3 × 2 unit cells wide slab of 16 atomic layers
thick, with the bottom 7 atomic layers fixed to their bulk positions. The
reciprocal space was sampled using a 1× 2× 1 k-point mesh.

Ferrimagnetic Fe3O4 (magnetite) has a cubic inverse spinel crystal
structure where iron exhibits both Fe2+ and Fe3+ oxidation states in the
lattice with a tetrahedrally coordinated Fe3+ (FeA site) and an octahe-
drally coordinated Fe2+/Fe3+ (FeB site) [46,47]. Local magnetic mo-
ments of FeA and FeB sites are oriented antiparallel to each other [48].
The computed lattice parameter of 8.56 Å is slightly larger than the
experimental value; 8.378 Å [46]. For the bulk lattice optimization, a
finer grid spacing of 0.2 Å was used. The calculated local magnetic
moments of the iron atoms in bulk Fe3O4 were − 4.13 and 4.13 μB for FeA
and FeB sites, respectively, with total magnetic moment of 4.4 μB for
Fe3O4 units. These values are slightly larger than previously reported
experimental and computational ones [48,49]. While some studies have
reported a small band gap of 0.2 eV for magnetite [48,50], our calcu-
lations indicate that bulk oxide is metallic. The (111) facet of Fe3O4 is
the most stable among the six possible terminations [48,51]. We chose a
Feoct2-termination, as it matches best with experimental data [52]. The
hydroxylated Fe3O4(111) surface was adopted from ref. [52] as a model
for MB adsorption. All the slab models include a 12 Å vacuum layer to
prevent interactions between the repeated slabs.

3. Results and discussion

3.1. Characterization of adsorbent

The adsorbents’ surface areas and structural properties were assessed
using the Brunauer–Emmett–Teller (BET) method. The surface area,
pore diameter, and pore volume data in Table 1 offer valuable insights
into the textural attributes of these materials. Notably, O-cellulose and
Cellulose-MOF demonstrated relatively modest surface areas, while P-
Cellulose and P-Cell-MOF exhibited significantly higher surface areas
(436 m2/g), indicating the successful conversion of cellulose into high-
surface-area materials through the pyrolysis process [53]. Moreover, the
variance in pore diameter and pore volume profiles across the samples
highlights distinct porosity characteristics, with P-Cellulose and P-cell-
MOF displaying a notable dominance of micropores and the absence of
macropores, further emphasizing the textural transformations achieved
during pyrolysis. The nitrogen adsorption–desorption isotherms (Fig. 2a
and b) observed before the pyrolysis process closely resembled type II
isotherms according to the IUPAC classification. However, after pyrol-
ysis (Fig. 2c and d), the isotherms exhibited a shift towards a typical
type-IV behavior noticeable Hysteresis loops, typically classified as Type
H4 [54]. The rapid adsorption increases at low relative pressure, in-
dicates micropore filling, a defining trait of microporous materials. This
observation suggests a significant presence of micropores within the
post-pyrolysis carbon fiber structure, which significantly enhances the
material’s adsorption capabilities [55,56].

O-Cellulose was synthesized by converting the hydroxyl groups of
extracted cellulose into carboxylic groups using the TEMPO oxidant. The

success of the TEMPO oxidation reaction was verified by recording
DRIFT spectra for both TEMPO-cellulose and native cellulose (Fig. 3a).
Notably, when compared to native cellulose, TEMPO-cellulose displayed
a more prominent peak at 1608 cm− 1, which corresponds to the C=O
stretching of carbonyl groups in the carboxylic acid functional groups
[57]. The FTIR spectra of oxidized cellulose before and after pyrolysis
(O-cellulose, P-cellulose), Fe-BTC-MOF, and cellulose-MOF, both before
and after pyrolysis, were analyzed and are presented in (Fig. 3b). The
principal characteristic absorption peaks observed in these spectra are
detailed as follows: In the spectral region of 3600 − 3100 cm− 1, a broad
band centered at ~3339 cm− 1 represents the O-H stretching vibration of
hydroxyl groups within cellulose and water molecules. Additionally,
there is a bending vibration of –OH groups at 1638 cm− 1, and a
stretching band of CH groups at 2930 cm− 1. Notable peaks are observed
at 893 cm− 1, 1019 cm− 1, and 1156 cm− 1, corresponding to the C-H
bond, C-O bending vibration, and C− O− C of the β-glycosidic linkages,
respectively [58,59]. In the Fe-BTC MOF spectrum, the broad band be-
tween 3200 and 3600 cm− 1 is due to the O-H stretching of adsorbed
water. The bands at 1620 and 1568 cm− 1, as well as at 1445 and 1374
cm− 1, are attributed to the asymmetric and symmetric stretching of the
carboxylate groups of Fe-BTC, respectively. Peaks between 760 and 650
cm− 1 are linked to the bending of aromatic C-H bonds [60]. In the
cellulose-MOF sample, peaks similar to those in O-cellulose were
observed, along with absorption peaks at 1147 and 1303 cm− 1, which
correspond to the symmetric and asymmetric –C–O–C– stretching bands
of the ester group in H3BTC, suggesting that ester bonds may form be-
tween the MOF and CMF [61]. It is noteworthy that after pyrolysis,
hydrophilic functional group peaks such as C=O, C–O, and –OH are
notably absent, indicating a shift towards hydrophobicity in the mate-
rials [62].

XRD analysis was employed to confirm both the synthesis of Fe-BTC
and the transformation during pyrolysis. Initially, the XRD pattern of the
Fe-BTC sample (Fig. 3c) revealed well-defined peaks at 2θ values of 19◦,
24◦, and 28◦, consistent with literature reports for Fe-BTC-MOF [60,63]
affirming the successful synthesis. Additionally, the values of 2θ at 26◦,
43◦, 44◦, 50◦, 74◦, and 90◦ are related to carbon, suggesting that biomass
has transformed into graphite (ICDD: 00–060-0053, 04–015-2407).
Subsequently, the XRD pattern of the pyrolyzed cellulose MOF sample
(Fig. 3c) demonstrated characteristic peaks at 2θ values between 39◦ to
43◦, in line with the reference code for cementite (Fe3C) (ICDD: 04–008-
9572), confirming the transformation. Additionally, a set of peaks
located at 2θ = 30◦, 35◦, 57◦, and 63◦ can be assigned to magnetite
(Fe3O4) (ICDD: 01–088-4625). The appearance of iron metal peaks at 2θ
= 43.3◦, 50.4◦, and 74◦ (ICDD: 04–002-3692) further substantiated the
structural changes occurring during pyrolysis. This sequential analysis
establishes the synthesis of Fe-BTC as a precursor to its subsequent
transformation into cementite (Fe3C) and magnetite (Fe3O4) during the
pyrolysis process. These structural changes were also corroborated by
EFTEM analysis.

To investigate the potential active sites of P-Cell-MOF for MB
adsorption, XPS spectra were determined before and after the adsorp-
tion (Fig. S1). As depicted in (Fig. 4a and c), four peaks of C 1s were
detected at binding energies of approximately 284.7 eV, 285.8 eV,
287.3 eV, and 288.8 eV, which were assigned to C–C, C–O, C=O, and O-
C=O, respectively. The relative proportions of these peaks were

Table 1
Textural properties of O-cellulose, Cellulose-MOF, P-cellulose, and P-cellulose-MOF.

Adsorbents Surface area
(m2/g)

Pore diameter (nm) Pore Volume (cm3/g) Micropores % Meso
pores
%

Macro
pores
%

O-cellulose 0.8 4.4 0.001 8.33 66.67 25
Cellulose-MOF 1.7 5.9 0.004 10.26 64.10 25.64
P-Cellulose 436 1.8 0.180 68.58 30.93 0.49
P-cellulose-MOF 436 2.2 0.230 87.57 12.32 0.11
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calculated to be 57.33 %, 14.43 %, 5.69 %, and 2.69 %, respectively.
Following the adsorption process, the relative contents of C–C, C–O,
C=O, and O-C=O shifted to 32.19 %, 7.01 %, 2.79 %, and 1.63 %,
respectively. Similarly, the O 1s spectrum (Fig. 4b and d) revealed the
presence of four distinct peaks at around 530.5 eV, 532.1 eV, 533.5 eV,
and 535.6 eV, corresponding to Fe–O, C–O, –COOH, and H2O, respec-
tively. After the adsorption, the relative ratios of Fe–O, C–O, –COOH,
and H2O increased from 3.81 %, 1.82 %, 1.39 %, and 1.23 % to 29.26 %,
15.15 %, 1.01 %, and 1.66 %, respectively. Notably, after adsorption, Fe
2p peaks appeared on the surface (Fig. 4e), with the maximum binding
energy of the Fe 2p3/2 and Fe 2p1/2 observed at 724.7 eV and 711.1 eV,
respectively, while the Fe–C peak was identified at 712.75 eV [64]. It
can be inferred that Fe metal and Fe3C are key players in the adsorption
mechanism, enhancing the material’s ability to capture and retain dye
molecules.

In the FESEM analysis, the biochar material exhibited a prominently
porous architecture, as illustrated in (Fig. 5a and Fig. 5b). Notably, the
images also revealed the presence of well-defined crystalline ferric
compounds embedded within the biochar matrix. This observation un-
derscores the creation of a hierarchical porous carbon framework that
hosts iron compounds, potentially serving as the active sites for the
removal of MB dye. In the SEM-EDX analysis revealed the elemental
composition of the P-Cell-MOF, with carbon being the predominant
element at 85.2 %, followed by oxygen at 9.3 %, and iron at 5.5 %

(Fig. 5c). The color-coded mapping in demonstrated the spatial associ-
ation of carbon with iron, suggesting the presence of iron carbides
(Fig. 5d). Furthermore, there is a possibility of the coexistence of iron
oxides alongside the iron carbides, adding a layer of complexity to the
material’s composition.

EFTEM analysis, as depicted in (Fig. 5e) and (Fig. 5f) provide crucial
insights into the structural characteristics of the P-Cell-MOF composite.
The images reveal a highly amorphous carbon matrix with distinct
graphitic layers. Additionally, the TEM images revealed the nano-
crystalline and monodisperse nature of the iron (Fe) particles derived
from Fe-MOF. They also demonstrated the presence of Fe3C and Fe3O4
crystals within the material, ranging in size from 50 to 100 nm. This
finding is consistent with previous reports of similar carbon encapsu-
lation structures in composite iron materials prepared via the pyrolysis
process [22,65].

3.2. Batch adsorption study for MB removal

3.2.1. Effect of pH and point of zero charge (PZC)
The pH of the dye solution significantly influences adsorption by

altering the surface charge of the adsorbent. The relationship between
pH and the adsorption capacity of the cationic dye, MB is shown in Fig.6.
Notably, when the pH exceeded the point of zero charge (pHPZC) at
around 3.4, there was a marked increase in MB adsorption capacity.

Fig. 2. N2 adsorption–desorption isotherm plot of a) O-cellulose, b) Cellulose-MOF, c) P-cellulose, and d) P-cellulose-MOF.
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Subsequently, this capacity became nearly constant within the pH range
of 5.5 to 7. To explain this pH-dependent behavior, consider the surface
charge of the adsorbent relative to the cationic MB adsorbate. When the
initial pH is below the pHPZC, the adsorbent’s surface becomes positively
charged due to proton (H+) adsorption, hindering MB adsorption due to
electrostatic repulsion. Conversely, when the solution pH exceeds the

pHPZC, the negatively charged adsorbent surface attracts cationic MB
molecules, enhancing their uptake [66]. To investigate the iron leach-
ing, adsorbent was tested under three different pH conditions (acidic,
basic and neutral). Under acidic conditions, 0.002 mg/L iron concen-
tration was measured in the solution which indicate minimal iron
leaching and demonstrating the stability of the composite during the

Fig. 3. (a) DRIFT spectra for TEMPO-Cellulose and native cellulose; (b) FTIR spectra and (c) XRD patterns Fe-BTC-MOF, O-cellulose, P-cellulose, and cellulose-MOF,
P- cellulose-MOF.

S. Hegazy et al. Chemical Engineering Journal 504 (2025) 158654 

6 



adsorption process.

3.2.2. Effect of contact time and initial dye concentration
The dye solution concentration was tracked at various time intervals

(from 1 to 24 h) using UV–visible spectroscopy, and the corresponding
data are shown in (Fig. 7a). It is evident that dye removal increases with
prolonged contact time, likely due to the abundance of vacant adsorp-
tion sites, allowing for rapid adsorption. The adsorption rate reaches

Fig. 4. High resolution XPS spectra of P-cellulose-MOF before and after MB adsorption.
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equilibrium within approximately 6 h. Furthermore, the adsorption
behaviour of MB dye was investigated over a concentration range of 25
mg/L to 500 mg/L at room temperature, and the results are presented in
(Fig. 7b). It’s noteworthy that the removal efficiency was notably higher
at lower initial concentrations. This can be explained by the greater
availability of vacant active sites at lower concentrations. However,
when the initial concentration exceeded 250 mg/L, the removal effi-
ciency declined. This reduction is likely due to the saturation of
adsorption sites on the adsorbent surface, as higher concentrations result
in fewer available active sites to accommodate all the MB molecules,
leading to saturation [67]. It is important to highlight that the binding
capacity for MB on P-cell-MOF was the highest among all samples,
indicating the achievement of a high surface area (436 m2/g). Addi-
tionally, the multiphase surface formed after pyrolysis, due to the
coexistence of carbonized material and various iron phases, including Fe
metals, Fe3O4, and Fe3C aligns with the results of characterization,

further enhancing the adsorption capacity [68]. However, the pyrolyzed
cellulose exhibited the lowest adsorption capacity, due to the absence of
all functional groups of oxidized cellulose after pyrolysis, as indicated by
the FTIR and XRD results.

3.2.3. Kinetics findings
The adsorption kinetics of the dye onto P-Cell-MOF were evaluated

using pseudo-first-order, pseudo-second-order, and Weber-Morris
intraparticle diffusion (IPD) models (Section S2). The pseudo-second-
order model demonstrated superior fit (average R2>0.99), indicating
chemisorption as the dominant adsorption mechanism. Calculated
equilibrium adsorption capacities (qe) closely matched experimental
values, The Weber-Morris IPD model further detailed the adsorption
mechanism, highlighting surface adsorption, inter-particle diffusion,
and intra-particle diffusion as key factors. Detailed kinetics data are
available in the supplementary materials (Fig. S2, Table S1).

Fig. 5. (a,b) FESEM images of P- cellulose-MOF; (c) FESEM-EDS- elemental mapping; (d) Spectra of P- cellulose-MOF (e,f) EF-TEM images of P- cellulose-MOF.
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3.2.4. Adsorption isotherms
The adsorption isotherms of MB on P-Cell-MOF were characterized

using Langmuir and Freundlich models (Section S3). The Langmuir
model, representing monolayer adsorption, exhibited excellent fitting
(R2 > 0.99), indicating homogeneous adsorption sites on P-Cell-MOF.
The maximum adsorption capacity (qm) was determined as 106 mg/g,

surpassing the capacities of other reported adsorbents (Table 2)
[4,69,70–75]. Complete isotherm plots and fitting parameters are
available in supplementary (Table S2 and Fig. S3).

3.3. Column adsorption study MB removal on P-Cell-MOF

A column experiment using a fixed-bed setup was carried out to
evaluate the effectiveness of the batch method in removing dye from
industrial wastewater. In this experiment, a solution containing dye with
an initial concentration of 100 mg/L was introduced into the fixed-bed
column, flowing at a rate of 2 mL/min. After approximately 12 h, the
concentration of the effluent reached nearly 60 % of the influent con-
centration (Supplementary video). An idealized breakthrough curve was
generated by plotting the time of flow against Ct/Co, as illustrated in
(Fig.8). At Ct/Co ≈ 0.60, which signifies a 60 % breakthrough of the
column, it was observed that this point was reached after approximately
700 min of MB dye adsorption. Importantly, the utilization of the fixed-
bed column can be continued beyond the 60 % breakthrough until a 90
% breakthrough is achieved (Ct/Co = 0.9) [75]. The calculated break-
through parameters revealed that the adsorption capacity of the column
(qe = 71.14 mg/g) exceeded the batch adsorption capacity at the same
initial concentration. This observation highlights the effectiveness of the
fixed-bed column in dye removal and suggests its potential utility in

Fig. 6. (a) Effect of pH on the adsorption of MB dye (at 22 ◦C; time,6h; C0 , 60 mg/L); (b) PZC of P-Cell-MOF.

Fig. 7. (a) Effect of time on the adsorption of MB dye (at 25 ◦C; pH,5; C0 , 60 mg/L); (b) Effect of initial concentration on the adsorption of MB dye (at 25 ◦C,
time,6h; pH,5).

Table 2
Maximum adsorption capacity of MB by various adsorbents.

Adsorbent Preparation method qm (mg/g) Refs

Carbon nanotubes-
graphene aerogels

Hydrothermal reduction 96.1 [69]

Wood waste-activated
carbon

Carbonization 4.94 [70]

Biochar from liquefaction
of rice husk

Thermochemical
liquefaction

32.5–67.6 [71]

Carbon fiber aerogels Air-limited calcina
tioncalcination

102.2 [72]

Iron modified biochar Pyrolysis 5.678 [73]
Cellulose aerogel Freeze drying 29.7 [74]
Cellulose/PVA/Graphite
foam

Freeze drying 110.81 [4]

P-Cell-MOF Carbonization 106.38 This
work
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treating industrial wastewater contaminated with this dye.

3.4. Total organic carbon (TOC) removal efficiency

The study investigated the Total Organic Carbon (TOC) removal ef-
ficiency of synthesized adsorbents, which is crucial for evaluating water
quality by measuring organic carbon compounds in water. Remarkably,
the pyrolysis-derived biochar samples outperformed their non-
pyrolyzed counterparts. As demonstrated in (Fig. 9a), P-Cell-MOF ach-
ieved the highest TOC removal at 93 %, suggesting the potential for
coupled adsorption-catalytic degradation mechanisms due to the pres-
ence of zero-valent iron produced after pyrolysis. P-Cell achieved 76 %
TOC removal, while Cellulose showed 65 % efficiency, and Cell-MOF
had slightly lower efficiency at 53.4 %.

3.5. Desorption of MB and reusability studies

The potential for reusing adsorbent materials in wastewater treat-
ment is significant, both economically and environmentally. To evaluate
the reusability of the P-Cell-MOF adsorbent, desorption and regenera-
tion experiments were conducted through batch experiments. As
depicted in (Fig.9b), the regenerated P-Cell-MOF exhibited remarkable
reusability, maintaining its high adsorption capacity across multiple
cycles. Specifically, over the course of five consecutive cycles, the
adsorption percentages remained consistently high: 99.9 %, 90.2 %, 82
%, 78.7 %, and 74.9 %, respectively. These findings underscore the
robustness and effectiveness of the adsorbent over repeated usage.

3.6. Computational analysis of MB dye on P-Cell-MOF adsorbent
components

3.6.1. Water adsorption
Since the MB adsorption takes place in aqueous solution, a crucial

question is whether there is adsorbed water on the substrate surface. To
account for water content, we computed the adsorption energies for
water on the studied surfaces. On Fe3C(001) and Fe(110) surfaces,
multiple adsorption sites were considered for a single water molecule,
while on Fe3O4(111), the optimal adsorption structures for a single
water molecule and a water dimer were adopted from ref [52]. For
Fe3O4(111), we calculated the adsorption energies, summarized in

(Table 3) both for a dissociative adsorption of a single water molecule
and the average adsorption energy for a water dimer. In the case of the
water dimer, the first water molecule dissociates on the oxide surface,
while the second one binds intact close to the hydroxylated group
(Fig. 10). We conclude that the adsorption of water on Fe3O4(111) is
very exothermic, while on Fe3C(001) and Fe(110) it is only moderately
exothermic. The computed thermodynamics of water adsorption suggest
that under reaction conditions, the Fe3O4(111) surface becomes fully
hydroxylated, whereas Fe3C(001) and Fe(110) surfaces remain bare,
therefore the dimer structure on Fe3O4(111) will be used as the model

Fig. 8. Breakthrough curve for MB adsorption onto P-Cell-MOF in a fixed-bed
process. Time contact was 700 min (11.6 h), Adsorbent mass was 1.5 g, an
initial MB concentration (C0) was 100 mg/L, at room temperature, neutral pH,
and a flow rate of 1 mL/min.

Fig. 9. (a) TOC removal efficiency for the different used adsorbents; (b)
Recycle of removal efficiency of P-Cell-MOF for MB dye (at 25 ◦C; neural pH;
C0, 100 mg/L).

Table 3
Calculated water adsorption energies on the Fe(110),
Fe3C(001), and Fe3O4(111) surfaces. The adsorption en-
ergy in parenthesis for Fe3 O4 corresponds to the average
adsorption energy for the water dimer. All energies are in
kJ/mol.

Surface Adsorption energy

Fe(110) − 51
Fe3C(001) − 57
Fe3O4(111) − 168 (− 153)
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for the water covered surface. No other explicit solvent molecules will be
included on the surface for simplicity.

3.6.2. Adsorption of methylene blue dye
To understand the high TOC removal observed in P-Cell-MOF, we

used DFT calculations to investigate MB adsorption onto the compo-
nents of P-Cell-MOF. Various adsorption geometries and sites were
considered on different surfaces. Fig. 11 displays the most stable
adsorption structures of MB chloride (MB-Cl) on each surface and
Table 4 presents the corresponding adsorption energies. Our calcula-
tions show that the binding of a MB cation on Fe, Fe3C and graphene
surfaces and the MB binding trends (without the chloride anion) follow
closely those of the neutral MB-Cl molecule, suggesting that a chloride
anion plays no major role in adsorption thermodynamics. The adsorp-
tion structure and binding energies for MB cation are presented the
supplementary materials (Section S4, Fig. S4). On Fe(110) and Fe3C
(001) surfaces (see Fig. 11), MB-Cl interacts strongly with several sur-
face Fe atoms, leading to a substantial distortion to the planar structure
of the molecule. The strong interaction is reflected in highly exothermic
adsorption energies, with the metallic Fe surface showing 150 kJ/mol
more exothermic adsorption energies than the Fe3C surface. On

graphene, MB-Cl lies 3.34 Å above the surface and maintains its planar
geometry, indicating that the molecule-surface interaction is phys-
isorption, as supported by significantly less exothermic adsorption en-
ergy compared to the metallic and carbide Fe surfaces. On hydroxylated
Fe3O4, MB remains in the planar configuration and is 2.75 Å above the
surface. The lack of structural distortion suggests only a weak phys-
isorption to the hydroxylated surface. The calculation of the adsorption
energy was challenging due to varying magnetic moment distributions
for the magnetite surface in the presence and absence of the adsorbate
and no reliable value for adsorption energy was obtained for MB-Cl on
Fe3O4. However, based on the optimized adsorption geometry, we can

Fig. 10. The top- and side- views of the gas phase adsorbed water molecule on (a) Fe(110) and (b) Fe3C(001) surfaces, (c) and (d) the adsorbed water monomer and
dimer on Fe3O4(111) surface, respectively.

Fig. 11. Top and side views of methylene blue adsorption on (a) Fe(110), (b) Fe3C(001), (c) Fe3O4(111) and (d) graphene surfaces.

Table 4
The calculated adsorption energies of MB Chloride
adsorbed on Fe(110), Fe3C(001), Fe3O4(111) and gra-
phene. All the values are in kJ/mol.

Surface Adsorption energy

Fe(110) − 648
Fe3C(001) − 494
Graphene − 138
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conclude that due to hydroxylation, the adsorbate–surface interaction
consists only of weak dipole–dipole and dispersion interactions between
MB-Cl and the surface OH-groups. We estimate that MB-Cl adsorption
energy is about the same order of magnitude or possibly slightly more
exothermic than on graphene, but substantially weaker than on Fe and
Fe3C surfaces.

Our results suggest that MB-Cl chemisorbs on Fe and Fe3C, while
physisorption takes place on Fe3O4 and graphene. Thus, materials rich
with surface Fe atoms bind MB, while this is not the case for carbon or
hydroxylated surfaces. Difference in binding characteristics of MB pro-
vide an explanation for the improved adsorption capacity and TOC ef-
ficiency of P-Cell-MOF over the other materials considered in the present
work experimentally: the pyrolysis of cellulose and MOF results in Fe
and Fe3C containing materials with Fe sites binding MB strongly,
whereas these sites are missing from other adsorbents.

4. Conclusion

This study introduces an innovative composite material, P-Cell-MOF,
developed through the pyrolysis of oxidized cellulose with Fe-BTC MOF.
This synergistic process embeds multiple iron phases (Fe0, Fe3O4, and
Fe3C) within a biochar matrix, significantly enhancing the material’s
adsorption properties. Characterization through XPS confirmed the
pivotal role of Fe and Fe3C in the adsorption mechanism, highlighting
their contribution to the material’s ability to capture and retain meth-
ylene blue (MB) dye. In batch adsorption studies, P-Cell-MOF demon-
strated superior performance, achieving an impressive adsorption
capacity of 106 mg/g for MB and a notable 93 % TOC removal effi-
ciency. The pseudo-second-order kinetic and Langmuir isotherm models
best described the adsorption process, indicating chemisorption and
monolayer adsorption, respectively.

Both experimental results and computational DFT calculations sup-
ported the conclusion that P-Cell-MOF’s enhanced performance is due to
the strong chemisorption of MB on Fe and Fe3C surfaces. DFT calcula-
tions showed that MB strongly interacts with Fe(110) and Fe3C(001)
surfaces, leading to significant changes in the molecular structure and
strongly exothermic adsorption. In contrast, physisorption was observed
on graphene and hydroxylated Fe3O4 surfaces, with MB maintaining its
planar geometry. This close agreement between experimental and
computational results highlights the role of Fe metal and Fe3C in
providing active sites for effective MB adsorption. Fixed-bed column
experiments underscored the practical utility of P-Cell-MOF, showcasing
effective MB removal with an initial breakthrough time of approxi-
mately 12 h and a substantial adsorption capacity (qe = 71.14 mg/g).
Moreover, the material exhibited excellent reusability and robustness,
reinforcing its potential for large-scale wastewater treatment
applications.
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