
© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 6599–6611 |  6599

Cite this: Mater. Adv., 2023,

4, 6599

Harnessing a carbon-based material from food
waste digestate for dye adsorption: the role of
hydrogel beads in enhancing the material
stability and regenerative capacity†

Salaheddine Farsad, *a Asma Amjlef,a Ayoub Chaoui,a Aboubakr Ben Hamou, a

Chaima Hamma,a Mohamed Benafqir, a Amane Jadabc and Noureddine El Alem*a

This study focuses on both ecological and economic gains from food waste treatment. Accordingly,

anaerobic digestion and adsorption have been combined to achieve these goals, resulting in synergistic

effects that improve productivity. Firstly, a considerable amount of methane (energy source) was

produced by the anaerobic digestion of food waste (FW) under mesophilic conditions (38 1C), resulting

in a biologically activated digestate. Secondly, the residue of anaerobic digestion (digestate) was utilized

as raw material to design two types of low-cost adsorbents for dye removal: a carbon-based material

(CM-HNO3) and an alginate encapsulated carbon-based material (CM-HNO3@Alginate beads). We

evaluated the adsorption capacity of the designed carbon materials to eliminate the target pollutant

methylene blue (MB) from aqueous solutions. The results show that the CM-HNO3 and CM-

HNO3@Alginate beads present maximum dye adsorption capacities of 303.03 mg g�1 and 212.77 mg

g�1, respectively. Further, the adsorption process was found to fit best to the Langmuir and pseudo-

second-order kinetic models for both the adsorbents. In addition, the CM-HNO3@Alginate beads

exhibited good long-term stability, regenerative ability, and high mass recovery, indicating that this

absorbent is suitable for frequent usage.

1. Introduction

Compared to the municipal waste, food waste (FW) constitutes
over one-third of all urban waste resulting from anthropogenic
activities and hence can be considered the most significant
kind of solid waste across the world that needs to be suitably
treated to achieve environmental sustainability.1,2 Many
approaches have been developed for food waste disposal (e.g.,
incineration, landfilling, and composting).3 Additionally, anae-
robic digestion (AD) is one of the most economical and ecolo-
gical processes employed for food waste bio-valorisation, which
allows for the decomposition of complex organic matter in the
waste through the intervention of micro-organisms in the
absence of oxygen to produce bio-methane.4 Bio-methane is
regarded as a renewable energy source that does not lead to the
exhaustion of fossil fuel supplies derived from petroleum and

charcoal briquettes, which cause climate change and global
warming.5,6 Nevertheless, the incomplete fermentation of food
waste generates a massive quantity of food waste digestate
(FWD): a by-product that should be properly managed and
treated to ensure it does not cause environmental harm.
Furthermore, previous studies have investigated the reuse of
FWD as a biofertilizer or soil conditioner after proper treat-
ment, since it contains a significant percentage of nutrients,
especially nitrogen, phosphorus, and potassium.7 However,
there is a controversy surrounding this approach owing to the
detrimental impacts of its other components, including heavy
metals, photogenic bacteria, greenhouse gas (GHG) emissions,
antibiotics, pesticides, and odour.8

Furthermore, value-added products, such as biochar-derived
digestate, have been also developed as outstanding adsorbents
and catalysts for pollutant removal from water.9 Various kinds
of solid digestate feedstocks may be used to prepare biochar
materials, including municipal sludge,10 rice straw,11 and
swine manure.12 In addition, FWD is preferred for its lack
of heavy metals and high nutrient content compared to
other digestates.13 Biochar is a black, low-cost, and porous
carbonaceous material obtained from thermal decomposition
(typically between 300 1C and 700 1C) of organic waste under an
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oxygen-free atmosphere.14 Typically, the characteristics of bio-
char, such as pH, high surface content of oxygen-containing
functional groups, electrical surface charge, and surface area,
are largely dependent on the biomass feedstock and the inert/
oxidizing conditions. In a study by Zhao et al.,15 the pyrolysis
performance of FW and FWD were compared in terms of their
effects on biochar properties. These authors have shown that
FWD pyrolysis promotes a higher yield of char with a high
surface area, which has the potential to offer great adsorption
performance and active sites for contaminant removal. Some
recent papers have shown the feasibility of using FWD as
feedstock for the modification of carbon based on pyrolysis
processing methods. For instance, Liu et al.,16 developed an
FWD-based calcium-rich biochar to serve as an excellent
arsenic(III) adsorbent. A maximum adsorption efficiency of
69.03 mg g�1 was obtained for this material by using the
Langmuir isotherm adsorption model and an exothermic
chemisorption process. Moreover, in another work, food waste
digestate and 3 wt% sodium silicate binder were pyrolysed at
700 1C to prepare biochar, which was used as an adsorbent for
heavy metal removal.17 More than a six-fold increase was
achieved compared with commercial activated carbon, and
355.3 mg g�1 of lead was removed, as determined by using
the Langmuir isotherm model. However, biochar is typically
not as effective at adsorption as activated carbon.18,19

Therefore, the purpose of this work is to prepare activated
carbon from the digestate of food waste using a chemical
activation procedure using HNO3 to enhance the adsorption
capacity. To our knowledge, the preparation of activated carbon
from the digestate of food waste and the HNO3 treatment of the
carbon-based material adsorbent for enhanced methylene blue
(MB) removal from water have not been reported.

Nevertheless, it is noteworthy that poor adsorbent recovery
and mass loss after the decontamination of polluted water
using powder materials are drawbacks that need to be over-
come. Sodium alginate is a natural biodegradable polymer that
is rich in oxygen-containing surface groups, non-toxic and
biodegradable, and can be cross-linked with calcium cations
to prepare hydrogel beads.20–22 Hence, in order to resolve the
problem of solid/liquid phase separation, several studies have
investigated encapsulating alginate beads with carbonaceous
materials to create a sustainable and stable spherical-shaped
adsorbent for the removal of dyes,23,24 pesticides,25,26 heavy
metals,27 and drugs.28

This paper investigates the potential of anaerobic fermenta-
tion and adsorption to achieve zero waste and promote envir-
onmental protection by valorising food waste. Anaerobic
digestion was employed to reduce pollution load and produce
methane gas from food waste under mesophilic conditions
(38 1C). However, disposal of the large amount of digestate
produced during anaerobic digestion is difficult. To address
this issue, two types of carbonaceous materials were developed
from the digestate, both of which were effective adsorbents of
methylene blue. Moreover, the physical and chemical charac-
teristics of the synthesized carbonaceous materials and the
effects of reaction parameters, including contact time, pH,

initial dye concentration, thermodynamic study, regeneration,
and adsorption mechanism, on their adsorption efficiency in
batch mode have been discussed in detail.

In the context of circular bioeconomy, this study makes a
significant contribution toward efficiently converting food
waste digestate (FWD) into valuable carbon materials, thus
reducing waste and promoting resource efficiency. Addition-
ally, it aligns with a range of Sustainable Development Goals
(SDGs), including SDG 6 (Clean Water and Sanitation), SDG 7
(Affordable and Clean Energy), SDG 12 (Responsible Consump-
tion and Production), and SDG 13 (Climate Action). By addres-
sing these global sustainability objectives, this research offers a
significant solution toward tackling environmental challenges
and advancing sustainable practices.

2. Materials and methods
2.1. Food waste sample

A mixture of food waste consisting mainly of vegetable and fruit
peelings from the kitchen was used as the substrate. The
composition of the substrate was as follows: 22% potato, 20%
apple, 18% tomato, 10% pumpkin, 9% banana, and the
remaining 21% consisted of a combination of orange, lettuce,
cauliflower, carrot, and cucumber peels. The substrate was
ground and homogenized using a food blender to obtain a
finer raw material. The pH of the substrate was 4.14, while
its total solid (TS) and volatile solid (VS) concentrations were
88.6 g L�1 and 79.6 g L�1, respectively. The food waste was
processed and homogenized before being stored at �20 1C
until further use. The details of the experimental design and
characterization of the anaerobic fermentation of the food
waste are provided in ESI.†

2.2. Carbonaceous material preparation

From the food waste digestate, two forms of carbonaceous
materials (CM-HNO3 and CM-HNO3@Alginate beads) were
developed in order to study their dye adsorption performance.

The experimental protocol used for the preparation of the
oxidized carbonaceous materials (CM-HNO3) can be divided
into several steps. Initially, the residue (bio-digestate) produced
from the anaerobic fermentation of household organic waste
was dried at 40 1C for 24 hours and then at 200 1C for 4 hours in
the air. The final product was ground into a fine powder in a
ceramic mortar, screened with a sieve and then placed in a
closed alumina crucible that was hermetically sealed with
several layers of aluminium foil and placed in a furnace at
500 1C for 4 h. Then, using nitric acid HNO3 (4N), the obtained
product was activated at 70 1C for 12 h. The filtrate was washed
with distilled water and ethanol and then dried for 24 hours at
100 1C.

The production of CM-HNO3@Alginate beads for this study
involved several steps. First, 1 g of alginate powder and 1 g
of CM-HNO3 were dissolved in 100 mL of distilled water, and
the resulting mixture was stirred for 6 hours. After agitation,
the mixture was sonicated for 20 minutes to enhance the
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dispersion and homogenization of CM-HNO3 and alginate.
Meanwhile, a CaCl2 (0.1 M) solution was prepared in a crystal-
lizer under low-speed stirring (30 rpm), and the preparation of
the CM-HNO3@Alginate beads was achieved by mixing the two
solutions.

2.3. Characterization of carbonaceous materials

As a part of our work, the crystalline structures of the carbonac-
eous materials and oxidized materials were determined by X-ray
diffraction (XRD) (Bruker D8 Advance Twin) in the angular 2y
range of 51 to 601 using Cu Ka radiation l = 0.15418 nm (40 kV
and 25 mA). The functional groups of methylene blue (MB) and
CM-HNO3 were determined using a SHIMADZU IRAffinity-1S
FTIR spectrometer over a wavenumber range of 400–4000 cm�1.
To prepare the FTIR test samples, 1% of each adsorbent was
ground finely and pressed with 99% KBr. The analysis of the
thin pellets was conducted by scanning at a resolution of
4 cm�1. In order to examine the microstructure and morphol-
ogy of the CM-HNO3 and CM-HNO3@Alginate bead surfaces,
scanning electron microscopy (SEM) analysis was performed
using a JEOL JSM IT-100 coupled with an energy-dispersive
X-ray spectrometer, which allowed determination of the local
elemental compositions in different zones. After the powders
were glued to double-sided carbon tape, gold was deposited
using the cathode sputtering method with a metallizer.

2.4. Batch-mode dye adsorption studies

Methylene blue (MB), belongs to the large family of cationic
dyes widely used in textile production. A batch system was used
to test the removal of MB dye molecules from an aqueous
solution using CM-HNO3 and the CM-HNO3@Alginate beads
particles. Thus, MB in solution (20 mg L�1) was adsorbed onto
a known dose of CM-HNO3 and CM-HNO3@Alginate beads
(0.8 g L�1). The effects of some parameters were investigated
by varying the pH of the dye solution in the range of 2–12 using
a few drops of HCl and NaOH (0.1 M) solutions, and the contact
time was varied between 0 and 270 min. At the end of each
adsorption experiment, the non-adsorbed MB molecules were
separated from the solution by using a filtration method, and
the concentration of remaining MB in the solution was ana-
lyzed by a UV-visible spectrophotometer (6705 UV-visible
JENWAY) at l = 664 nm. The formulas utilized in the kinetic
and equilibrium studies of MB adsorption on CM-HNO3 and
CM-HNO3@Alginate beads are provided in Table S3 (ESI†).

2.5. Regeneration and reusability

Regenerating used adsorbents in practical applications ensures
the economic feasibility of the adsorption process, and it gives
a clear idea about the stability and reusability of the adsor-
bents. To generate an adsorbent fully loaded with MB, 200 mL
of an MB solution with a suspension containing 160 mg CM-
HNO3 or CM-HNO3@Alginate beads was shaken for 120 min
and 240 min, respectively, at room temperature. The separation
of the CM-HNO3 adsorbent from the MB/adsorbent mixture was
achieved through vacuum filtration, followed by rinsing the
MB-covered adsorbent with distilled water. The resulting solid

phase was further mixed and shaken for 6 h with 100 mL
0.1 mol L�1 NaOH solution at ambient temperature; afterward,
the obtained solid fraction was dispersed in a 0.1 mol L�1

aqueous HCl solution for 2 hours, washed with distilled water,
and finally dried. To recover the CM-HNO3@Alginate beads,
the adsorbent containing the MB molecules was first washed
thoroughly in 100 mL 0.1 mol L�1 HCl solution. Thereafter, the
resulting solid fraction consisting of bare CM-HNO3@Alginate
beads was recovered by magnetic stirring for 2 hours. For the
next MB adsorption cycle, both bare CM-HNO3 and CM-
HNO3@Alginate adsorbents were again mixed and agitated
with fresh MB solutions. The regeneration efficiency was
assessed over 5 cycles by measuring the amount of MB
adsorbed after each cycle and determining the remaining MB
concentration.

3. Results and discussion
3.1. Anaerobic digestion process optimization and methane
production

It is essential to recognize that the anaerobic digestion process
in batch digesters is subject to a multitude of variables. In order
to evaluate the exhaustive impact of these parameters on the
production of methane, in this study, three specific factors were
systematically investigated through a series of four experi-
mental trials, as detailed in Table S2 (ESI†). Notably, among
the different conditions tested, the highest methane yield was
obtained by using the substrate stored previously for two days
at a pH of 7.5 and 25% inoculum. A closer look at the methane
production data revealed several remarkable findings. Firstly,
maintaining a pH close to neutral (pH = 7.5) resulted in
maximum microbial growth compared with pH values closer
to the intrinsic pH of the substrate (acidic). This observation
highlights the critical influence of pH regulation on the anae-
robic digestion process. Secondly, inoculum percentage
emerged as a key determinant of the methane production
process. Specifically, at an inoculum concentration of 25%,
the study revealed highly promising and substantial methane
production. This highlights the importance of optimizing the
inoculum level to improve the efficiency of anaerobic digestion
processes. Finally, the duration of substrate storage before the
anaerobic digestion process was identified as an important
factor impacting methane production. The results demon-
strated that longer storage periods significantly improved
methane yields, highlighting the potential benefits of using
storage as a pretreatment method to improve the anaerobic
digestion performance. These results collectively provide valu-
able insights into the optimization of the anaerobic digestion
process parameters and the interaction between various para-
meters and their crucial roles in methane production.

Similar research conducted by B. Deepanraj et al., examined
the positive effect of neutral pH (pH = 7) on the anaerobic
fermentation of food waste studied in the pH 5–9 range in 2L
batch bioreactor experiments with 30 days of hydraulic reten-
tion at mesophilic temperatures.29 Another study done by Lü
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et al., found that storage can be used as a pre-treatment to
improve the performance of anaerobic fermentation of food
waste; they studied food wastes without and with substrate
storage for 0, 1, 2, 3, 4, 5, 7, and 12 days. The results showed
that stored food waste offered good methane yields compared
to non-stored samples.30 Regarding inoculum percentage, S.
Farsad et al. studied its effect on the mesophilic anaerobic
digestion of landfill leachate and found that compared with
50%, at 25% inoculum, a higher methane yield was obtained.31

3.2. Carbonaceous material characterization

3.2.1. XRD and FTIR analyses. The X-ray diffraction results
for CM and CM-HNO3 are shown in Fig. 1(a). The diffraction
peaks observed at various angles 2y = 74.09, 68.17, 58.64, 50.59,
45.29, 40.64, 38.09, 32.38, and 28.56 are due to the remaining
mineral content in food waste (mainly KCl, and Na2CO3). After
the chemical activation of CM, the mineral components were
eliminated, and graphitic carbon was formed, as evidenced by
the disappearance of the KCl, and Na2CO3 peaks (CM-HNO3(a)
in Fig. 1(a)). The peak occurring at 2y = 26.66 is attributed to

graphite structure, indicating the crystallized part of CM-HNO3.
The reticular distance of the 002 plane, as calculated from XRD,
was of the order of 3.34 Å, which is close to the theoretical
range for graphite (3.354–3.44 Å).

Fig. 1(b) shows the FTIR spectra of methylene blue (MB) and
CM-HNO3 before and after MB adsorption. The functional
groups identified in pure MB include bonded –OH
groups (3442 cm�1), CQO and CQC aromatic vibrations
(1602 cm�1),32 CH2 deformation vibration (1489 cm�1), C–N
bonds in the heterocycle (1392 cm�1), C–N bonds connected
with the benzene ring (1359 cm�1), C–S bonds (1178 cm�1), and
the wagging vibration of C–H in the aromatic ring (887 cm�1).33

The main functional groups of CM-HNO3 are represented by
peaks at 3205 cm�1 (bonded –OH groups), 1699 cm�1 (organic
residues and carboxyl functional groups),34 1581 cm�1 (the
stretch vibration of CQC),35 1386 cm�1 (C–O stretching
vibration),32 and 1082 cm�1 (C–O stretching),35 and the peaks
between 520 and 906 cm�1 confirm the out-of-plane bending
vibration of the –C–H bond on the benzene ring.36

After the adsorption of MB onto CM-HNO3, certain peaks
either shifted or appeared. The peaks at 3205 cm�1, 1699 cm�1,
1581 cm�1, and 1386 cm�1 shifted respectively to 3375 cm�1,
1703 cm�1, 1593 cm�1, and 1396 cm�1, indicating that the
carboxyl functional groups, namely CQC, –OH and C–O, were
involved in the adsorption process, and the appearance of new
peaks at 1489 cm�1 and 1178 cm�1 can be attributed to the
presence of MB molecules on the surface of the material, which
proves that MB was successfully adsorbed by the material.

3.2.2. MEB analysis. The surface morphologies of CM-
HNO3 and the CM-HNO3@Alginate beads before and after
MB adsorption were examined by SEM analysis.

The CM-HNO3 sample exhibited distinctive cavities and
pores (Fig. 2(a)), which can be attributed to the strong oxidizing
ability of nitric acid. The resulting pores provide favourable
adsorption sites for MB. This observation is corroborated by the
data presented in Fig. 2(c), which demonstrates that MB filled
all the pores and cavities on the surface of CM-HNO3. Fig. 2(b),
(d), (e), (f) show the more comprehensive energy-dispersive
X-ray elemental mappings (EDX) that verify the chemical com-
position data at specific locations on CM-HNO3 before and after
MB adsorption. Apparently, Fig. 2(b) and (e) reveal the presence
of carbon (71.82%) and oxygen (28.18%), confirming the gra-
phitic structure of the synthesized CM-HNO3. After the adsorp-
tion of MB, the EDX spectrum of CM-HNO3 (Fig. 2(d) and (f))
revealed the presence of additional elements, namely nitrogen
(1.84%) and sulfur (0.42%), confirming that the MB molecules
were successfully adsorbed on the surface of CM-HNO3.

Additionally, the structure of the prepared CM-HNO3@
Alginate beads was investigated using SEM (Fig. 3(a), (b) and
(e)). The results show that the oxidized carbonaceous materials
were trapped inside a membrane-like layer, confirming their
combination by the complexation of the –COOH groups of
alginate and the calcium ions Ca2+. This layer formed a shell
around the hydrogel beads, giving them a spherical shape
(Fig. 3(a)). Similarly, when MB was adsorbed into CM-
HNO3@Alginate (Fig. 3(a), (b), (e)), the SEM and mapping

Fig. 1 (a) The XRD patterns of CM and CM-HNO3; (b) the FTIR spectra of
CM-HNO3, CM-HNO3 after adsorption, and MB.
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analyses indicated the presence of sulfur (3.4%) alongside
carbon (63.35%), oxygen (32.91%), and calcium (0.34%), con-
firming the adsorption of MB molecules on the surface of the
CM-HNO3@Alginate beads.

3.3. MB adsorption

3.3.1. Effect of solution pH. The influence of pH on the
adsorption process is important as it significantly affects the
surface charge characteristics of the adsorbent material and
governs the interfacial dynamics between the adsorbent and
the adsorbate species. As such, considering the effect of pH is
of utmost importance in comprehending and optimizing the
adsorption process.37 The effect of pH on MB adsorption onto
CM-HNO3 and CM-HNO3@Alginate was studied over a wide pH
range of 2–12. The results are presented in Fig. 4(a). At pH
values between 2 and 6, the removal efficiency of MB was
constant and less than 50% for both adsorbents, which may
be due to the protonation of the surface sites of the adsorbents.
However, when the pH was higher than 6, the MB removal
efficiency gradually increased and reached the maximum at pH
12. This can be explained by the deprotonation of the active
sites of the adsorbents, and negatively charged sites promoting
electrostatic attraction with the MB molecules. The maximum
MB removal efficiency was found to be 88% and 67% for
CMHNO3 and CM-HNO3@Alginate, respectively. Therefore,
pH 12 was chosen as the optimal pH for subsequent
experiments.

3.3.2. Effect of contact time and kinetic studies. To eluci-
date the mechanism of adsorption of MB on CM-HNO3

and CM-HNO3@Alginate,38 the effect of contact time and

adsorption kinetics were studied. The experiments were per-
formed at the following conditions: contact time = 0–270 min,
adsorbent dosage = 0.8 g L�1, C0 (MB) = 20 mg L�1, pH = 12, and
T = 25 1C.

From Fig. 4(b), it can be seen that the adsorption capacity of
CM-HNO3 and CM-HNO3@Alginate increased rapidly during
the first 60 min due to the availability of active sites on the
surface of the adsorbents.39 After 60 min, a slow increase in
adsorption capacity was observed due to the decrease in the
number of active sites on the adsorbent surface. Moreover,
there was no significant change in the adsorption capacity after
120 min and 240 min for CM-HNO3 and CM-HNO3@Alginate,
respectively. These findings indicate that the adsorbate–adsor-
bent contact times 120 min and 240 min are the equilibrium
times for CM-HNO3 and the CM-HNO3@Alginate, respectively.
The adsorption kinetics results were compared to the pseudo-
first-order and pseudo-second-order theoretical models
Fig. 4(c), (d). From Table 1, it can be seen that the correlation
coefficient values for the pseudo-second-order kinetic model
(R2 4 0.99) were higher compared with those for the pseudo-
first-order model for both adsorbents (CM-HNO3 and CM-
HNO3@Alginate). On the other hand, the values of Qcal calcu-
lated from the pseudo-second-order model were similar to the
experimental values. Therefore, the pseudo-second-order
model better describes the adsorption kinetics of MB onto
CM-HNO3 and CM-HNO3@Alginate.40

3.3.3. Effect of initial concentration and adsorption iso-
therms. In order to gain insights into the adsorption mecha-
nism of MB onto CM-HNO3 and CM-HNO3@Alginate, the
adsorption isotherms were studied. The experiments were

Fig. 2 The SEM and elemental mapping analyses of CM-HNO3 (a), (b), (e) before and (c), (d), (f) after MB adsorption.
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performed at the following conditions: C0 (MB) = 0–600 mg L�1,
adsorbent dosage = 0.8 g L�1, pH = 12, T = 25 1C, and the
contact time was 120 min and 240 min for CM-HNO3 and CM-
HNO3@Alginate, respectively.

The adsorption isotherms were investigated using the linear
regression analysis of Langmuir and Freundlich. The results
are demonstrated in Fig. 5 and Table 2. The values of the
coefficients of correlation R2 found by Langmuir were 0.9731
and 0.9178 for CM-HNO3 and CM-HNO3@Alginate, respec-
tively. However, the values of correlation coefficients R2 found
by Freundlich were 0.8962 and 0.8169 for CM-HNO3 and CM-
HNO3@Alginate, respectively. The Langmuir model exhibited
the highest correlation coefficient, indicating that it most
appropriately describes the adsorption behaviour of MB onto

CM-HNO3 and CM-HNO3@Alginate. Therefore, MB dye adsorp-
tion onto the CM-HNO3 and CM-HNO3@Alginate adsorbents
occurs in monolayers on homogeneous surfaces.41 The Qmax

values obtained by the Langmuir model were 303.03 mg g�1

and 212.77 mg g�1 for CM-HNO3 and CM-HNO3@Alginate,
respectively. The values of RL were 0.0308 (CM-HNO3) and
0.0147 (CM-HNO3@Alginate). These values are between 0 and
1, confirming that the adsorption of MB onto CM-HNO3 and
CM-HNO3@Alginate is favourable.42

3.3.4. Thermodynamic studies. For a better comprehen-
sion of the thermodynamic behavior of the adsorption of MB
onto CM-HNO3 and CM-HNO3@Alginate, the thermodynamic
parameters (Gibbs free energy (DG1), enthalpy (DH1), and
entropy (DS1)) were determined according to the van’t Hoff

Fig. 3 The SEM and mapping analyses of CM-HNO3@Alginate beads (a), (b), (e) before and (c), (d), (f) after MB adsorption.
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equation by plotting ln(Kd) as a function of 1/T (Fig. 6(a) and
(b)).43 The thermodynamic coefficient values are presented in
Table 3.

The negative DG1 values indicate that MB adsorption onto
CM-HNO3 and CM-HNO3@Alginate was spontaneous and more
favoured with a temperature increase.44 Further, the positive
DH1 values reveal that MB adsorption onto CM-HNO3 and CM-
HNO3@Alginate are endothermic processes.45 Finally, the posi-
tive DS1 values suggest an increase in randomness at the
interface (adsorbent–adsorbate) during the adsorption
process.46

3.4. Reusability study

Besides their eco-friendliness and efficiency in removing
organic pollutants from wastewater, the prepared CM-HNO3

adsorbents must also be reused several times to investigate
their performance for the removal of organic contaminants.

The reusability study was conducted in order to demonstrate
the excellent adsorption properties of the adsorbents, as well as
their ability to be recycled and reused. A total of five successive
cycles of MB adsorption and desorption were conducted to
remove the MB dye. Great sorption efficiency was recorded
while using 0.1 M HCl as the regenerator. After five successive
cycles of adsorption and desorption, the MB removal efficiency
of CM-HNO3 decreased gradually from 97% to 77%. In contrast,
CM-HNO3@Alginate revealed excellent recyclability with MB
removal efficiency greater than 91%. These results indicate that
the overall regeneration capacity of CM-HNO3@Alginate is
clearly higher than that of CM-HNO3, as shown in Fig. 6(c).

3.5. Comparative assessment

The adsorption capacity of the prepared materials was com-
pared with a range of adsorbents documented in the literature,
and the results of this evaluation are presented in Table 4.

Fig. 4 The effect of (a) pH and (b) contact time on the adsorption of MB. Adsorption kinetics of MB on (c) CM-HNO3 and (d) CM-HNO3@Alginate.

Table 1 Kinetics parameters for the adsorption of MB onto CM-HNO3 and CM-HNO3@Alginate

CM-HNO3 CM-HNO3@Alginate

Pseudo-first-order model Qe,exp (mg g�1) 23.226 23.122
Qe,cal (mg g�1) 7.463 14.241
K1 (min�1) 0.028 0.011
R2 0.9541 0.909

Pseudo-second-order model Qe,cal (mg g�1) 24.814 24.096
K2 (min�1) 0.008 0.002
R2 0.9993 0.9854
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Notably, the prepared materials CM-HNO3 and CM-
HNO3@Alginate exhibited outstanding adsorption perfor-
mance in the removal of methylene blue (MB). This superior
performance positions these materials among the most effi-
cient adsorbents in the literature for the elimination of MB. The
exceptional adsorption capacity demonstrated by these materi-
als derived from food waste digestate suggests their potential as
highly promising and competitive alternatives for effective MB
removal from aqueous solutions.

3.6. The adsorption mechanism

The adsorption mechanism of methylene blue (MB) onto CM-
HNO3 is a multifaceted process characterized by simultaneous
interactions. As depicted in Fig. 7, we propose a model to
illustrate this process. The FTIR data of CM-HNO3 before and
after MB adsorption reveal slight changes in peak intensities
along with the displacement of certain peaks. These shifts
predominantly involve functional groups, such as carboxyl

(–COOH), CQC, –OH, and C–O groups. Consequently, the
primary mechanisms governing this adsorption process
encompass hydrogen bonding interactions, p–p interactions,
and electrostatic interactions.

Furthermore, the adsorption mechanism is notably influ-
enced by pH. In particular, our findings suggest a significant
role of electrostatic interactions in the adsorption process.
Specifically, electrostatic interactions are presumed to arise
from the attraction between the negative charge of the car-
boxylic anion in CM-HNO3 and the positive charge on MB.52

Additionally, hydrogen bonding interactions may form between
the hydrogen atoms of CM-HNO3 and the nitrogen atoms of
MB.53 Moreover, p–p interactions are likely to occur between
the benzene ring structures in the MB molecules and the
aromatic components of CM-HNO3.54

Until recently, there have been limited reports concerning
the mechanism of methylene blue adsorption onto biochar or
activated carbon derived from food waste digestate. Biochar

Fig. 5 The adsorption isotherms of MB on (a), (b) CM-HNO3 and (c), (d) CM-HNO3@Alginate.

Table 2 The Langmuir and Freundlich isotherm parameters for MB adsorption

Langmuir Freundlich

Qmax (mg. g�1) KL (L mg�1) R2 RL KF (mg g�1) (L mg�1)1/n n R2

CM-HNO3 303.03 1.57 0.9731 0.0308 97.46 3.35 0.8962
CM-HNO3@Alginate 212.77 3.35 0.9178 0.0147 99.37 3.16 0.8169
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derived from food waste digestate exhibits alkaline characteristics
and contains both oxygen-based functional groups on its surface, as
well as inorganic mineral constituents.55 The interaction mechan-
isms reported previously between other digestate absorbents and

methylene blue involve the formation of electrostatic bonds and
various types of bonds, such as p–p interactions, n–p interactions,
and hydrogen bonding, through the oxygen-containing functional
groups present on the surface of the digestate.47,56

Fig. 6 The van’t Hoff plot for MB adsorption onto (a) CM-HNO3 and (b) CM-HNO3@Alginate; (c) the reusability study of CM-HNO3 and CM-
HNO3@Alginate.

Table 3 The thermodynamic parameters of CM-HNO3 and CM-HNO3@Alginate for MB removal

DG1 (kJ mol�1)

DH1 (kJ mol�1) DS1 (J mol�1 K�1)298 K 308 K 318 K

CM-HNO3 �25.04 �27.47 �29.91 47.51 243.47
CM-HNO3@Alginate �23.84 �26.54 �29.24 56.70 270.27

Table 4 Comparison of the adsorption capacity of CM-HNO3 and CM-HNO3@Alginate with that of other reported adsorbents

Nature of adsorbent Contaminants Adsorption capacity Ref.

Biochar prepared from the digestate of rice straw Methylene blue (MB) in an aqueous solution 18.9 mg g�1 47
Activated carbon prepared from the digestate of
agri-food organic waste

Methylene blue (MB) in an aqueous solution 285.71 mg g�1 35

Biochar from lychee seed Methylene blue (MB) in an aqueous solution 124.5 mg g�1 48
Hydrochar derived from coconut shell waste Methylene blue (MB) in an aqueous solution 200.01 mg g�1 49
Biochar from sewage sludge Methylene blue (MB) in an aqueous solution 29.85 mg g�1 50
Activated carbon prepared from the digestate of
corn straw

Methylene blue (MB) in an aqueous solution 179.1 mg g�1 51

CM-HNO3 and CM-HNO3@Alginate Methylene blue (MB) in an aqueous solution 303.03 mg g�1 and
212.77 mg g�1

This study
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4. Conclusion

This work deals with the valorisation of food waste in order to achieve
zero waste and promote environmental protection by using both
anaerobic digestion and adsorption processes. The first part was
focused on pollution load reduction and methane gas production
from food waste under mesophilic conditions (38 1C). In the second
part, the CM-HNO3 and CM-HNO3@Alginate adsorbents were pre-
pared from the digestate. Both carbon-based adsorbents show good
dye removal efficiencies, and various methods, such as XRD and
FTIR, confirm their demineralization and formation of graphitic
carbon structures after their chemical activation. Further, the experi-
mental results show that the adsorption process depends on solution
pH, and the optimum pH for dye removal is around 12. In addition,
the kinetic study indicates a fast adsorption process for CM-HNO3,
while it takes a little longer for CM-HNO3@Alginate, and their
adsorption mechanism can be described by pseudo-second-order
kinetics. Moreover, the study suggests that the CM-HNO3@Alginate
adsorbent has better stability, high mass recovery, and good reusa-
bility than CM-HNO3 after five cycles of dye adsorption and
desorption. Therefore, CM-HNO3@Alginate can be a promising
absorbent for frequent pollutant removal applications. Overall, this
work is an important step towards the valorisation of food waste and
promoting sustainable waste management practices.
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