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A B S T R A C T   

The control of chemical, morphological, textural and magnetic properties developed in magnetic activated 
carbons (MACs) from industrial food waste, was achieved. The process parameters involved in a sustainable and 
optimized one-step activation route, based on the circular economy model, played an important role and its 
influence was studied, offering interesting and outstanding results. Magnetite crystals were formed on the MACs 
surface obtained from 400 ◦C to 800 ◦C while other iron species, such as metallic iron and iron carbides, 
were formed only at 800◦ C. Acid washing favored the mineral matter removal and the presence of iron species 
was drastically reduced in acid-washed MACs, mainly the iron species originated at 800 ◦C. Water-washed MACs 
presented better magnetic response at high temperatures (confirmed by XRD, FTIR, Raman, Mössbauer spec-
troscopy and VSM characterization techniques). High BET surface area (≈ 822 m2/g) and a large micropore 
volume (≈ 0.30 cm3/g), were reached by acid washed MACs at 800 ◦C. The obtained MACs were fundamentally 
microporous, but some mesoporosity was also observed when activating agent/precursor mass ratio (1:1) is used. 
It can be concluded that a MACs strategic design was reached with the objective of removing specific pollutants 
in multiple environmental applications.   

1. Introduction 

The fourth industrial revolution is coming after the steam engine, 
electricity and digital information technologies. The circular economy is 
the industrial revolution of the 21st century and represents a new pro-
duction and consumption model, more sustainable, based on repair, 
reuse and recycling. This economic model contributes to saving energy 
and to reducing the amount of waste, atmospheric pollution and the 
damage to the environment caused by the excessive use of resources 
[1,2]. In this scenario, the food insdutry (where high quantities of waste 
are generated with a low percentage destined for recycling [3]) is 
looking for new ways to manage its production towards a more sus-
tainable and efficient processes [3–5] as well as appropriate waste 
management strategies [6,7]. 

Many industrial wastes are being collected for a second-life cycle 

with different purposes [8]. One option is the transformation of indus-
trial wastes with specific chemical characteristics into high value-added 
materials, e.g. Activated Carbons (ACs), which are porous carbonaceous 
materials that play an important role in the green technology [9,10]. 
ACs are effective adsorbents with highly developed porosity and large 
BET surface area that have pretty good characteristics as pollutants 
adsorbents in different environmental fields, and also as catalysts or 
catalysts supports [11]. Various precursors used in the preparation of 
ACs are: wood, peat and coals although more recently, biomass wastes, 
part coming from the food industry, have become a more economical 
and sustainable option [9,12–15]. 

The need to find new high-performance materials targeted to certain 
pollutants compounds in gas or liquid phase that must be separated or 
removed and where the conventional ACs are not so effective, allowed 
the development of new ACs by incorporating inorganic compounds. 
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When the incorporated particles are ferro- or ferri-magnetic, such as 
magnetite or elemental iron, the materials combine attractive adsorbent, 
magnetic and catalytic properties and are classified as: Magnetic Acti-
vated Carbons (MACs) [16–18]. Moreover, MACs exhibit a clear 
advantage versus ACs, because it is relatively easy to recover/separate 
them from the environment where they operate [18] by using com-
mercial magnets/electromagnets. This type of porous, adsorbent mate-
rials can be also regenerated allowing their reuse by Advanced 
Oxidation Processes (AOPs) as Fenton reaction [19,20]. Different routes 
and diverse bio-waste precursors are employed to obtain MACs [21–24]. 
In our previous research work [25], a novel preparation method of 
MACs was described in detail, adding efficiency and sustainability to the 
process, based on a direct physical mixture between the precursor (in-
dustrial biomass waste) and the activating agent (anhydrous iron salt) 
through an optimized single-step chemical activation process. The pro-
posed method avoids pyrolysis and impregnation steps (both very 
common in this research field). This denotes an important advance to-
wards a more cost-effective and environmentally-friendly MACs obten-
tion process. Finally, making it even more sustainable, an acid-free 
washing (only with water) was incorporated, reducing, in a significant 
way, the loss of iron species formed in the MACs during the thermo-
chemical process. 

To reduce the environmental footprint and contribute to changing 
the current linear economic model (LE) towards the circular economy 
model (CE), a biomass waste from food processing industry was used as 
MACs precursor in the present study. The chestnut shell waste (CH) was 
chosen due to its suitable characteristics and promising results in ACs 
[13,26,27] and MACs [25,28]. 

Chestnut is the fruit of the chestnut tree, Castanea Sativa. Worldwide, 
the chestnut production is considerable according to 2019 data: 
2,406,903 tons and 595703 ha area harvested [29]. In Spain, it can be 
estimated in 37120 ha and a production of 188,930 tonnes [29]. Con-
sumption is essentially fresh in autumn and sometimes dried (pilongas), 
although confectionery products are also present. Candied, cream, 
peeled chestnut factories and other small craft businesses produce 
thousands of tonnes [30]. This implies a high percentage of wastes from 
the processed fruits (≈ 10% corresponds to the peel). 

The present research work provides a solution to important envi-
ronmental problems (waste management, resources consumption, 
pollution) and achieves two important goals. First of all, the recycling 
and reuse of an industrial bio-waste and its transformation into a high 
value-added materials (MACs), following the circular economy principle 
and allowing the resources conservation. On the other hand, the opti-
mization of the strategy to design multifunctional MACs towards 
tailored, porous, magnetic adsorbents adapted to the required applica-
tion. For this purpose, the analysis of different variables that play an 
important role in the MACs production process is needed. In this way, 
the activating agent/ precursor weight ratio, the final washing step of 
the materials (with water or acid) and their influence on the phys-
ical–chemical properties of the MACs such as: chemical, morphological, 
textural and magnetic properties, will be discussed in detail. Indeed, 
rigorous control of the temperature [25] and the rest of the parameters 
are mandatory in order to obtain adsorbent materials with specific 
properties. 

2. Material and methods 

2.1. Industrial biomass waste 

The chestnut shell waste (CH) was provided by one of the most 
important industries in the north of Spain, which collected them after 
processing the fruit for the production of jams, marron-glacé and other 
chestnut candies. The CH was ground to a fine particle size in order to be 
used as a precursor in the preparation of Magnetic Activation Carbons 
(MACs) and to facilitate the activation process, as it was described in the 
previous research work [25]. 

2.2. Magnetic activated Carbons (MACs) preparation 

The MACs were obtained by a chemical activation process, where 
previously, the chestnut shells waste (CH) employed as precursor, were 
ground, and then, physically mixed with the activating agent (a 
powdered and anhydrous iron salt (FeCl3)). The physical and manual 
mixing is an effective alternative to the usual impregnation method, and 
implies some benefits, such as saving time and energy. 

As it was proved in a previous study by the group [25], the activation 
temperature played an important role in the chemical, textural and 
magnetic properties of the adsorbent materials. Based on this finding, a 
lowest activation temperature of 220 ◦C was discarded in the present 
research work and it has focused on the activation temperature range 
between 400 ◦C and 800 ◦C. Thus, the selected activation temperatures 
were 400 ◦C, 500 ◦C, 600 ◦C and 800 ◦C. The mass ratios of activating 
agent/ precursor were 0.25:1, 0.5:1 and 1:1. The chemical activation 
process was carried out in a conventional tubular furnace, Carbolite CTF 
12/65//550 under a constant N2 flow rate of 150 ml min− 1 and without 
a biomass pyrolysis step. The heating rate employed was 5 ◦C min− 1 and 
the set temperature was maintained for 60 min. The activation condi-
tions have been selected taking into account previous studies by our 
research group [13,25,31]. 

MACs were obtained through a more sustainable, economical and 
faster one-step thermochemical process, followed by a washing process 
in order to eliminate residues that could be found blocking the porosity 
of the material. The washing process was carried out using two different 
media: (1) water as previously described by Rodríguez-Sánchez et al. 
[25] and (2) a weak acid solution, 1 M HCl, and then rinsed with 
deionised water (Milli-Q). A weak acid solution was used in order to 
avoid a loss of iron species. 

The two different types of washing procedures allow studying the 
influence of this step on the final properties of the MACs. Both washing 
procedures were carried out until a constant pH was reached and sub-
sequently the resultant materials were dried in a forced-air drying oven 
at 105 ◦C and later in a vacuum oven at 60 ◦C. 

The nomenclature used for these adsorbent materials obtained is 
given in Table 1. 

2.3. Characterization of the materials 

A series of analytical techniques were selected to investigate this type 
of magnetic materials and to achieve a better description and under-
standing of the evolution of the industrial biomass waste precursor and 
the generation of iron species as a function of the activation conditions 
employed [25]. 

The samples were subjected to elemental and proximate analyses 
using the appropriate standard procedures. The carbon, hydrogen and 
nitrogen analysis was carried out using a LECO CHN-2000 (ASTM D- 
5773) and a LECO S-144 DR (ASTM D-5016) was employed for sulphur 
analysis. The UNE 33,002 and the UNE 32,004 standard procedures 
were applied to obtain the moisture and ash content, respectively. The 
iron content in MACs was characterized with the inductively coupled 
plasma and mass spectrometry (ICP-MS) technique in Agilent 7700x 
equipment. The sample morphology was studied using a scanning 
electron microscope equipped with an energy-dispersive X-ray analysis 

Table 1 
Keys to interpret the MACs nomenclature.  

Type of material T (◦C) Mass ratio 
FeCl3:CH (w/w activating 
agent/precursor) 

Washing 

MAC  

(Magnetic Activated 
Carbon) 

400–800 0.25:1 w: water  

a: acid +
water 

0.5:1 
1:1  
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system SEM-EDX. For the textural characterization of the samples, the 
true density was determined using a Micromeritics AccuPyc 1330 pyc-
nometer and the N2 adsorption/ desorption isotherms at − 196 ◦C and 
CO2 adsorption isotherms at 0 ◦C were obtained in Micromeritics 
ASAP2420 and Quantachrome NOVA 4000 instruments, respectively. 
The analysis of the crystalline phases of the MACs was carried out by X- 
ray diffraction (XRD) in a X́Pert Pro MPD PANalytical diffractometer 
with CuKα (λ = 1.5418 Å) radiation. The diffraction patterns were 
collected by continuous mode in the angular range 10◦ < 2θ < 70◦ with a 
step of 0.02◦. Previously to pattern acquisition, each sample was ground 
using a pestle and mortar and mounted over a (100) silicon disk known 
as zero-background holder (ZBH). In a similar manner, analytical grade 
samples of magnetite (CAS: 1317–61-9), maghemite (CAS: 1309–37-1) 
and iron (CAS: 7439–89-6) powders were used as reference materials. To 
evaluate the functional groups in the MACs, Fourier-Transform infrared 
(FTIR) spectroscopy in the 4000–400 cm− 1 mid-IR region was used. All 
FTIR spectra were recorded on a Nicolet IR 8700 spectrometer equipped 
with a deuterated triglycerine sulphate (DTGS) detector by co-adding 
128 scans at a resolution of 4 cm− 1. KBr pellets were prepared using a 
1:100 sample to KBr ratio. OMNIC software facilities were used for 
baseline corrections and smooth of the spectra, which were scaled to 1 
mg sample/cm2. Raman spectra were obtained on a JYV-Jobin Yvon 
microspectrometer (LabRam HR UV 800 model) using a 532 nm laser 
line as excitation source for further information of minerals present in 
the MACs. 57Fe Mössbauer spectra were recorded at room temperature 
using a constant acceleration spectrometer and a 57Co(Rh) source. The 
velocity scale was calibrated using a natural iron foil 6 µm thick. The 
isomer shift values were referred to the centroid of the spectrum of α-Fe 
at room temperature. All the spectra were computed-fitted. The 
magnetization vs. applied magnetic field, M(H) curves, were measured 
at room temperature (RT) by means of a vibrating sample magnetometer 
(VSM) in the field range ± 20 kOe. Formerly, about 50 mg of each 
powder sample were encapsulated into a 70 mm3 acrylic cup, which was 
attached to an 8 mm transverse Pyrex rod by double side Scotch tape. 

3. Results and discussion 

3.1. Chemical characterization 

In previous articles, different authors have shown that the food in-
dustrial bio-waste, CH, presents suitable characteristics as a precursor 
for the preparation of ACs [13,26,27] and MACs [25,28]. In the present 
work, the industrial biomass waste presents a high carbon content, ≈
50%, and low ashes and sulphur contents. Similar results were found in 
other works, although the chemical composition varies depending on 

the chestnut industrial waste type and origin [26,28]. 
The carbon (C) contents in the resulting MACs washed with water are 

approximately ≈ 67–72%, except for the MAC obtained at 800 ◦C (1:1), 
whose value is the lowest (≈ 60%). Likewise, the results in these MACs 
have indicated a not very significant content in hydrogen, nitrogen and 
sulphur, as in the Hao et al. research work [32]. 

The highest C content (≈ 89%) is found in the sample obtained at 
800 ◦C (0.5:1) washed with 1 M HCl. In general, for acid washed sam-
ples, the carbon content is slightly higher (≈ 69–89%) than the other 
materials washed with water. The hydrogen, nitrogen and sulphur 
contents are kept low with values close to those of the water washed 
MACs. The carbon, hydrogen, nitrogen and sulphur contents present 
similar tendencies to those previously reported by other authors 
[21,33,34]. 

The ash percentage corresponding to the industrial biomass waste 
(CH) is 0.87%. Fig. 1 presents the ash content of the MACs obtained with 
different activating agent/precursor mass ratios and washing method. 
The activation temperature applied is also valued and its effect has been 
described in detail in our previous work [25]. 

Comparing the MACs produced at 500 ◦C with an intermediate 
amount of the activating agent of 0.5 and washed with water and acid 
(MAC-500–0.5-w and MAC-500–0.5-a, respectively), the ash content 
seems unaffected, while at high temperatures applied in the process it 
has a noticeable effect (Fig. 1). Thus, the MACs obtained at 600 ◦C and 
800 ◦C reflect a decrease in the ash percentage when they are washed 
with 1 M HCl respect to those washed only with water. Furthermore, in 
MACs at 600 ◦C it can be also appreciated how the fall in the ash content 
becomes even more remarkable when the FeCl3/ CH ratio is 1:1 and the 
carbonaceous material was washed with acid. 

Moreover, the iron content in the MACs is part of the mineral matter 
so it is directly related to the ash percentage found in them. At high 
temperatures, different acid-soluble iron species are probably formed, 
resulting in a decrease in the acid-washed MACs ash content, Fig. 1. On 
the other hand, in the MAC washed with water (MAC-800–0.5-w), the 
iron species formed are not soluble in this aqueous medium and the ash 
percentage is higher and, therefore, the Fe content. This phenomenon is 
due to the ease with which the formed iron compounds are dissolved in 
one medium or another. 

3.2. Morphology and microstructure 

SEM-EDX images in Fig. 2 show the evolution of the iron-containing 
compounds and the development of the new iron species in the MACs. 
The activation temperature influence was described by Rodríguez- 
Sánchez et al. in a previous research work [25]. The in-depth analysis 

400 °C 500 °C 600 °C 800 °C

Ash 
(wt%)

Fig. 1. Ash content in MACs washed with water (Ash-w) and washed with acid (Ash-a).  
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Fig. 2. SEM photographs of (a) MAC-400–0.25-w, (b) MAC-400–1-w, (c) MAC-800–0.25-w, (d) MAC-800–0.5-a, and (e) MAC-800–1-w.  
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Table 2 
Textural parameters of the CH, MACs and magnetite.    

N2 adsorption at − 196 ◦C CO2 adsorption at 0 ◦C  
Sample  ρHe 

g/cm3 
SBET 

m2/g 
VTOT 

cm3/g 
p/p0 = 0.99 

aVumi 
cm3/g 
<0.7 nm 

bVmmi 
cm3/g 
0.7–2 nm 

cVme 
cm3/g 
2–50 nm 

W0 

cm3/g 
Ref. 

CH 1.43 1 0.007 0.000 0.000 0.003 0.048 [25] 
MAC-400–0.25-w 1.56 57 0.028 — 0.019 0.003 0.148  
MAC-400–0.5-w 1.69 285 0.145 0.068 0.023 0.011 0.183 [25] 
MAC-400–1-w 1.59 289 0.208 0.063 0.026 0.043 0.188  
MAC-500–0.25-w 1.68 424 0.179 0.090 0.045 0.005 0.203  
MAC-500–0.5-w 1.71 451 0.209 0.067 0.079 0.012 0.213 [25] 
MAC-500–0.5-a1 1.66 469 0.220 0.105 0.045 0.016 0.219  
MAC-500–1-w 1.73 512 0.317 0.116 0.045 0.056 0.229  
MAC-600–0.25-w 1.88 389 0.161 0.076 0.048 0.005 0.201  
MAC-600–0.25-a1 1.87 321 0.133 0.061 0.043 0.005 0.169  
MAC-600–0.5-w 1.90 380 0.179 0.081 0.039 0.008 0.219 [25] 
MAC-600–0.5-a1 1.94 454 0.220 0.098 0.048 0.016 0.213  
MAC-600–1-w 2.02 558 0.340 0.116 0.054 0.031 0.208  
MAC-600–1-a1 1.86 594 0.372 0.124 0.063 0.062 0.241  
MAC-800–0.25-w 2.17 653 0.351 0.119 0.082 0.033 0.229  
MAC-800–0.5-w 2.40 568 0.294 0.120 0.057 0.033 0.198 [25] 
MAC-800–0.5-a1 2.04 822 0.356 0.183 0.079 0.018 0.303  
MAC-800–1-w 2.60 638 0.364 0.125 0.077 0.062 0.215  
Magnetite 4.63 8 0.034 0.000 0.000 0.009 0.002   

a Vumi: Vultramicropores (volume corresponding to pore width < 0.7 nm). 
b Vmmi: Volume medium-micropores (volume corresponding to pore width 0.7–2 nm). 
c Vme: Volume mesopores (volume corresponding to pore width 2–50 nm). 

Fig. 3. SBET (m2/g) behavior (a-b) and micropore volume -W0- (cm3/g) variation (c-d), vs different mass ratio and temperature (◦C) in water and acid washed MACs.  
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carried out in the present study of other variables involved in obtaining 
MACs, allows to observe their effect on the morphology of these mate-
rials and to develop a control over them, as well as on the magnetic 
species that can be generated. 

In the MACs obtained at 400 ◦C with the lowest mass proportion of 
activating agent/ biomass waste (0.25:1) and washed with water, the 
appearance of crystals with an iron content around 76 wt% is already 
detected (Fig. 2a). By increasing the mass ratio to 1:1 (Fig. 2b) the 
number of well-defined crystals is multiplied coating the surface of the 

material and plugging some of the pores and holes that have formed 
during the activation process. These magnetite-formed crystals are 
present from 400 ◦C to 800 ◦C, together with paramagnetic Fe3+ oxide, 
although they are mostly found up to 600 ◦C as Mössbauer spectroscopy 
will prove later (section 3.7.). 

When the activation temperature reaches 800 ◦C, a change in the 
morphology of the material can be appreciated by SEM-EDX, both for 
MACs obtained at the lowest and the highest mass proportion of acti-
vating agent/biomass waste (0.25:1 and 1:1) (Fig. 2c and Fig. 2e, 

W
AT

ER
 W

AS
HI

N
G

ACID W
ASHIN

G

Fig. 4. X-ray diffraction (XRD) of water washed MACs (a-d), acid washed MACs (e-g) and the reference materials (h).  
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respectively). Other types of crystalline and agglomerated particles have 
been originated in these materials corresponding to the formation of 
new magnetic species (including iron carbide and metallic iron) [25] 
confirmed by Mössbauer spectroscopy in section 3.7. The different iron 
species formation mechanism during the activation process depending 
on the temperature was described in the review by Bedia et al. [16]. 

The most representative acid washing effect is observed in MACs 
obtained at 800 ◦C, where the elimination of different magnetic species 
becomes more evident. Fig. 2d shows the disappearance of crystals and 
agglomerates on the surface of the material (4.53 wt% of iron located in 
the area of the analyzed sample). Even so, and as reflected by the results 
of other techniques, there are still magnetite crystals that have not been 
removed from washing with 1 M HCl solution. This proves that, after the 
acid washing step, there are still present some iron species [21]. 

3.3. Textural properties 

The true density of the MACs was determined by helium pycnometry 
and the porosity of these magnetic adsorbents was studied by nitrogen 
and CO2 adsorption. Table 2 presents data of the different textural pa-
rameters (helium density (ρHe), BET specific surface area (SBET), pore 
total volume (VTOT), the pore size distribution (PSD) and micropore 
volume (W0)). 

3.3.1. Helium density 
Chemical activation leads to a densification of carbonaceous matter 

with an increase in true density or helium density because of the release 
of volatile matter during activation process. Thus, the helium density of 
the industrial biomass waste (1.43 g/ cm3) increases to values between 
1.56 and 2.60 g/cm3 for the MACs (Table 2). The lowest value of helium 
density (1.56 g/cm3) corresponds to the MAC obtained in the mildest 
activation conditions (MAC-400–0.25-w), while the highest value (2.60 
g/cm3) is for the MAC obtained in the most drastic activation conditions, 
higher temperature and greater quantity of activating agent, (MAC- 
800–1-w). In general, an increase in the activation temperature as well 
as an increase in the amount of activating agent favor the densification 
of the magnetic adsorbents obtained. The helium densities of the acid- 
washed MACs follow the same trend as the water-washed MACs, 
although they present slightly lower density values, which can be 
attributed to a lower presence of iron compounds. 

3.3.2. N2 adsorption/ desorption at − 196 ◦C. 
In Fig. S1, N2 adsorption isotherms at − 196 ◦C are displayed for the 

carbonaceous materials. MACs with low FeCl3 content are fundamen-
tally type I (microporous nature) [35], while when the activating agent 
added during the thermochemical process increases, a new hybrid 
physisorption isotherm type I-VI [35] appears, especially in MACs 1:1 
FeCl3/CH mass ratio. 

The MACs with the highest amount of activating agent exhibit a 
hysteresis cycle indicating the mesoporosity existence, type H3 ac-
cording to the IUPAC classification with the exception of MAC-800–0.5- 
w whose type is H4 [35]. 

The pore total volume (VTOT) at p/p0 = 0.99 is also affected by the 
conditions chosen in the MACs obtention process [36]. Most of the VTOT 
values, between 0.028 cm3/g (MAC-400–0.25-w) to 0.372 cm3/g (MAC- 
600–1-a), are favored by increasing the temperature, the proportion of 
activation agent/precursor employed and using a washing medium of 1 
M HCl solution. 

The BET specific surface area (SBET) reaches values from 57 m2/g to 
822 m2/g, affected by the different parameters and their influence: 
activation temperature [25,32], type of washing (acid or only water) 
and mass ratio of activating agent/ precursor, Table 2, Fig. 3a, and 
Fig. 3b. Likewise, the best SBET results found correspond to the acid 
washed materials due to its low mineral matter content, Fig. 1. Indeed, 
the largest BET surface area is attributed to the material MAC-800–0.5-a 
with approximately 822 m2/g (Table 2). However, the opposite effect 

can take place when the MACs surface area decreased because of the 
high Fe amount added during the experimental process [36]. For this 
reason, pores blocking could be caused by iron oxide-based particles 
formed. 

The Pore Size Distribution (PSD) was calculated by applying the 
density functional theory (DFT) model to the N2 adsorption data, 
assuming slit-shaped pore geometry. Table 2 and Fig. S2, confirm the 
microporosity of the materials and the existence of mesoporosity espe-
cially in MACs (1:1) washed with water or acid. In general, the volume of 
micropore is slightly higher in acid washed adsorbent materials, 
achieving values nearly 0.26 cm3/g in MAC-800–0.5-a vs 0.18 cm3/g in 
MAC-800–0.5-w. 

As regards the activation temperature, it has a notable influence on 
the textural development of MACs, especially at 800 ◦C, Table 2, Fig. 3, 
Fig. S1 and Fig. S2. 

3.3.3. CO2 adsorption at 0 ◦C. 
The narrow microporosity (pore width smaller than 0.7 nm) is also 

studied through CO2 adsorption isotherms at 0 ◦C, Table 2 and Fig. S3. 
This technic appears in different research works related to ACs [13] and 
MACs [32] and is an usual technique in the characterization of porous 
materials that completes the N2 adsorption studies. 

The differences between the CO2 adsorption capacity in MACs 
washed only with water or acid solution is showed in Fig. S3. The MAC- 
800–0.5-a presents a more significant CO2 adsorption capacity values 
than the rest. However, at higher activation temperatures (600–800 ◦C) 
in the water- washed materials, other effect is observed: an increase in 
the activating agent/precursor mass ratio does not seem to favor the CO2 
adsorption, probably because of the collapse of nearby pore walls. On 
the other hand, at 600 ◦C activation temperature, acid washed MAC- 
600–1-a presents the highest adsorption capacity vs MAC 600–0.5-a and 
MAC-600–0.25-a. 

The MACs micropore volume (W0) obtained from the CO2 isotherms 
at 0 ◦C is shown in Table 2. Acid washing favors higher micropore 
volume (W0) values up to 0.303 cm3/g in MAC-800–0.5-a vs 0.198 cm3/ 
g in MAC-800–0.5-w. Finally, in Fig. 3c and Fig. 3d, the trend of W0 
(cm3/g) behavior vs. different mass ratio and temperature (◦C) is 
presented. 

3.4. X-Ray diffraction (XRD) analysis 

The XRD patterns for the MACs are depicted in Fig. 4 in rows ac-
cording to the activation temperature and into two columns by the type 
of washing used in the preparation (i.e.: water or acid), together with 
those belonging to the reference materials (h). In contrast with the 
background of the latter, the MACs patterns present broad humps be-
tween 15 and 30◦ at 2θ that we have attributed to amorphous carbon 
[28]. 

It is possible to discern a group of well-defined 8 Bragg peaks located 
around 18.3◦, 30.1◦, 35.5◦, 37.1◦, 43.1◦, 53.4◦, 57.0◦ and 62.5◦ angles 
(2θ) in all the analysed samples, which can be indexed as the (111), 
(220), (311), (222), (400), (422), (511) and (440) reflections cor-
responding to an inverse spinel ferrite structure [37,38]. It is worth 
noting that magnetite (Fe3O4) and maghemite (γ-Fe2O3) have the same 
crystalline structure with close values of the lattice paremeters, there-
fore, it is rather complicated to uniquely determine both iron oxides by 
conventional powder XRD [39]. However, some specific features could 
be useful to distinguish between both phases by this technique such as, 
few extra weak reflections or the broadening of the peaks on the 
maghemite defective lattice and the increasing split between their 
equivalent lines at higher angles [37]. In this sense, details on Fig. 4 
show a magnification of range 61.9 and 63.5◦ at 2θ in order to better 
visualize every (440) reflections, where is much evident the differences 
between magnetite and maghemite lines on the reference materials (h). 
Thus, a similar behavior is observed in MAC-600 (see inset in Fig. 4c 
between samples with different relations of activating agent precursor, 
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hence, we can establish an activation temperature of 600 ◦C as a 
boundary between Fe3O4 stabilization (below) or γ-Fe2O3 partial 
transformation (above), while the former ratio plays a primary catalytic 
role that enhanced iron compounds production (see details). 

Apart from that group of reflections, other peaks emerge from the 
background, especially at the highest activation temperature. In 
particular, sharp Bragg peaks observed around 44.6 and 64.0◦ angles 
that can be associated to the (110) and (200) reflections of body 
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Fig. 5. Raman spectra of, water washed MACs (a-d), acid washed MACs (e-g), magnetite (h) and CH (i).  
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centred cubic (bcc) crystal structure for iron. Besides, other broad peaks 
arise above the hump that we have considered owed to nano-
crystallization of the amorphous carbon into graphite in which iron 
carbide nanoparticles can be encapsulated [40]. Despite, formation of 
other crystalline phases should not be discarded. 

Finally, acid washing seems to remove selectively some of the iron 
compounds formed at different activating agent/precursor mass ratio 
and activation temperature. In this sense, the magnetite peaks remain 
unchanged on every MACs obtained at 500 ◦C or 600 ◦C after washed 
with 1 M HCl whereas, the intensity of the maghemite lines is decreased 
remarkly and the metallic iron peaks disappear at all on the MACs ob-
tained on 800 ◦C. These observations agree very well with the results 
highlighted in Fig. 4, where the sample activated at 800 ◦C (0.5:1) 
washed with acid solution presents a very important decrease in ash 
content, and therefore in Fe, versus the MAC washed with water. 

3.5. FTIR analysis 

Fig. S4 displays the FTIR spectra which show the evolution of the 
different functional groups of the MACs obtained at different conditions 
(i.e. different activating agent/precursor mass ratio, different washing 
procedures -water and acid media- and the activation temperature) 
[25]. As a reference, Fig. S4 also includes the corresponding spectra of 
the raw biomass waste (CH) and magnetite as the iron specie with the 
most magnetic properties of all occurs in MACs. 

Comparing the spectra of the raw biomass and the MACs, the most 
relevant spectroscopic changes related to the transformation of raw 
biomass to biocarbon are as follows: a decrease in the O-H stretching 
mode at 3400 cm− 1, and the carbonyl, carboxyl functionalities, (ⱱC = O 
at 1740 cm− 1); a modification in the aromatic skeletal vibrations 
attributed to lignin structure (ⱱC = C at 1596 and 1506 cm− 1) and those 
assigned to C-H deformation in cellulose, hemicellulose and lignin (δCH 
at 1376 and 1426 cm− 1) and stretching vibration of glycosidic bonds, 
ⱱC-O-C at 1163–1100 cm− 1 [41]. 

In the fingerprint IR region (1600–900 cm− 1), the bands are 
smoothed when the temperature increases and they are slightly more 
pronounced in the MACs with activating agent/precursor mass ratio 
(1:1). In the case of samples washed with acid, the bands are progres-
sively decreased until they become negligible for the MAC obtained at 
800 ◦C (0.5:1). 

The 700–900 cm− 1 region corresponds to aromatic C-H out-of-pla-
ne deformation modes. 

This spectral region is made up of three absorption bands at around 
875, 813 and 745 cm− 1 corresponding to one isolated hydrogen, two or 
three adjacent hydrogens and four vicinal hydrogens in an aromatic 
network, respectively. A characteristic pattern appears well-defined in 
MACs obtained at 500 ◦C washed with water and acid, being the band 
centered at 812 cm− 1 the most pronounced for the activating agent/ 
precursor (1:1) mass ratio. At higher temperatures (600–800 ◦C), the 
intensity of the bands decreases progressively and they are barely 
perceived, which is indicative of a high degree of aromatic 
condensation. 

Remarkable bands are also found below 800 cm− 1 where the mag-
netic species are detected [37,42–44]. Although such Fe-species also 
absorb at nearly 3400 and 1630 cm− 1 (Fig. S4), they are not diagnostic 
markers of the presence of iron compounds because of the overlapping 
with the fundamental absorption of the water molecule on the MACs 
surface. The most significant differences are observed between the ma-
terials that have been washed in water or in acid at 800 ◦C (Fig. S5). The 
characteristic broad band of magnetite at 586 cm− 1 due to the stretching 
vibration mode associated to the Fe-O absorption is present in the 
spectra of the MACs obtained at 800 ◦C with all activating agent/pre-
cursor mass ratios employed (0.25:1, 0.5:1 and 1:1) and water washed 
samples. Indeed, MACs which contain a higher proportion of FeCl3 
(0.5:1 and 1:1) present a broad, asymmetric and intense band at this 
wavenumber, which is associated to the magnetite fingerprint 

[28,38,43]. This composite band is broadening, splitting and shifts at 
higher wavenumber nearly 670 cm− 1 and close to 690 cm− 1, the later 
can be assigned to the magnetite too [33]. The absorption at around 670 
cm− 1 is the most pronounced in the MAC obtained at 600 ◦C, activating 
agent/ precursor (1:1). 

In MACs obtained between 400 and 600 ◦C, the adsorption band at 
586 cm-1seems to be rather weak, although other additional band is 
observed at 467 cm− 1. This band is sharpest in MACs obtained with an 
activating agent/precursor mass ratio 1:1. The presence of this band 
along with another band that appears overlapped ≈ 560 cm− 1 was found 
in other studies carried out at temperatures ≥ 600 ◦C and it was 
attributed to hematite (α-Fe2O3) [33,44]. However, in Jubb et al. study 
[45], maghemite (γ-Fe2O3) is transformed into α-Fe2O3 at temperatures 
≥ 400 ◦C, so it could be possible that the MACs contain a mixture of 
maghemite and hematite because many of the bands are overlapped and 
have shoulders in the wavenumber corresponding to those iron oxides. 
However, the Mössbauer analysis made in this work only discovered the 
presence of magnetite and nanophasic Fe3+ oxide for this temperature 
range and the maghemite only appears at 800 ◦C (this will be explained 
later in the Mössbauer section) so, the hematite presence in these sam-
ples is discarded. 

In the MAC obtained at 600 ◦C (1:1) and in the materials obtained at 
800 ◦C a band at 670 cm− 1 with several overlapping shoulders ≈ 600 
cm− 1 can be also attributed to the maghemite [36]. 

Likewise, in the MACs washed with acid the resulting spectra are 
very similar to those of the water-washed materials except for the MACs 
obtained at 800 ◦C, where the functional groups are practically nil and 
there is an evident disappearance of existing magnetic species, Fig. S4- 
S5. 

3.6. Raman analysis 

Micro-Raman spectroscopy was used to support other analysis data 
and to confirm the presence of different iron species. As MACs are 
composite materials which are made up of a carbon network and Fe- 
based minerals, the intensity of the Raman peaks may vary depending 
on which part of the material has been illuminated during the analysis: 
carbonaceous or mineral matter (Fig. 5). It is difficult to make an equal 
measurement for all samples due to their heterogeneity, but the results 
can be used to confirm or not the presence of certain iron species [25]. 

In the first-order region spectra of the MACs (Fig. 5), two charac-
teristic broad bands of the carbonaceous materials are observed which 
correspond to the D band located at 1350 cm− 1 and associated with the 
carbon graphitic disorder, and the G band at nearly1595 cm− 1 related to 
the structural graphitic order. The magnetite spectrum presents a band 
at 1300 cm− 1 that overlaps to the D band in all the samples except for the 
raw material, CH, in which none of the bands appears. 

The D band is more displaced to the right (to 1350 cm− 1) in the 
samples obtained at the lowest temperature (400 ◦C), while as the 
activation temperature increases (500 and 600 ◦C) the D band is shifted 
to the left and implies a greater influence of the band located at 1300 
cm− 1 assigned to the magnetite. This can be explained by the fact that in 
the MACs obtained at lower activation temperature, a lower percentage 
of magnetite is found and increases as the activation temperature does, 
so the magnetic field influence is lower at 400 ◦C and increases in the 
samples obtained at 500 ◦C and 600 ◦C. However, in the MACs obtained 
at 800 ◦C the D band moves back to the right side and the magnetite 
band influence is minor. The appearance of different magnetic species at 
the highest temperature generates more complex materials in which the 
magnetite is only one more and loses influence. 

Likewise, the MACs obtained from 400 to 800 ◦C present several 
bands below 650 cm− 1 located at 223, 287, 402, 599 and 637 cm− 1 that 
correspond to those also observed in the spectrum of the magnetite 
recorded under the same laser power conditions in order to avoid some 
variability found in the literature [46]. 

In the case of samples washed with acid, the same bands are observed 
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for the materials that have been washed with water, Fig. 5. The results 
obtained by using SEM-EDX, XRD and FTIR have shown how acid 
washing causes the disappearance of magnetic species and the func-
tional groups present in the MACs obtained at 800 ◦C (Fig. 2d, Fig. 4 and 
Fig. S4-S5) as the result of high activation temperature effect in the 
thermochemical process as well as the solubility of the iron species 
formed. This might indicate that some of the different Fe compounds 
existing in MACs-800 (Table 4, section 3.7) are soluble in 1 M HCl while 
the magnetite is more difficult to remove and is not dragged during the 
acid washing. 

3.7. Mössbauer spectroscopy 

The room temperature 57Fe Mössbauer spectra recorded from all the 
materials are the combination of several subspectra [25] that can be 
ascribed to at least seven different chemical species. The relative 
contribution of each species depends on the concentration of the 
chemical activation agent, the temperature of the chemical activation 
process and the washing method employed. The values for the 
Mössbauer parameters characteristic of the various chemical species, 
obtained from the fit of the spectra, are collected in Table 3. Note that 
magnetite is characterized by two different magnetic sextets, hence the 
existence of eight different spectral components in that table. Magnetite 
crystallizes in an inverse spinel structure in which half of the Fe3+ ions 
occupies all the tetrahedral sites (A) while all the Fe2+ ions and the other 
half of the Fe3+ ions occupy the octahedral sites (B) in such structure. 
Therefore, the Mössbauer spectrum of magnetite is composed by two 
sextets, one with Mössbauer parameters characteristic of tetrahedral 
Fe3+ (SA) and a second with Mössbauer parameters characteristic of 
octahedral Fe2.5+ (at room temperature the occurrence of electron 
hooping between the octahedral Fe2+ and Fe3+ ions results in a sextet 
having parameters of a mixed valence Fe2.5+ ion, SB). For a perfect 
stoichiometric magnetite the area ratio SA/SB = 1.9 [47]. If this sextet 
area ratio is different from 1.9 then magnetite departs from perfect 
stoichiometry containing vacancies in the octahedral sites. Other 

chemical species found in the samples are maghemite, metallic iron, 
various iron carbides (all them characterized by single magnetic sextets) 
and, very relevantly, a paramagnetic doublet with parameters charac-
teristic of Fe3+ in octahedral oxygen coordination most probably arising 
from a nanoparticulate Fe3+ oxide [47]. The precise nature of this 
(super)paramagnetic phase cannot be determined from a single room 
temperature measurement since, in these cases, measurements at low 
temperatures are required. However, for the objectives of the present 
paper, as we will show later, what really matter is the evolution of this 
doublet with the temperature of the chemical activation procedure and/ 
or the type of washing the sample has been subjected to. In a few cases a 
very minor paramagnetic Fe2+ species was also observed. Table 4 col-
lects the relative spectral areas of the various chemical species for all the 
studied samples. 

Fig. 6a shows the Mössbauer spectra recorded from the water- 
washed samples previously activated at 400 ◦C and containing 
different concentrations of the chemical activation agent. The spectra 
are essentially identical and contain 43–47% paramagnetic Fe3+ and 
53–57% non-stoichiometric magnetite. The spectra recorded from the 
water-washed samples chemically activated at 500 ◦C also contain the 
paramagnetic Fe3+ component and non-stoichiometric magnetite 
(Fig. 6b). However, in this case, the amount of paramagnetic Fe3+ is 
much lower: 20%, 23% and 13% for MAC-500–0.25-w, MAC-500–0.5-w 
and MAC-500–1-w. The water-washed samples activated at 600 ◦C 
continue showing the presence of paramagnetic Fe3+ and non- 
stoichiometric magnetite (Fig. 6c), the concentration of the former 
increasing with the concentration of activation agent: 14%, 33% and 
48% for MAC-600–0.25-w, MAC-600–0.5-w and MAC-600–1-w, 
respectively. 

The samples activated at a temperature of 800 ◦C gave much more 
complex Mössbauer spectra (Fig. 6d). These spectra contain non- 
stoichiometric magnetite, maghemite, metallic iron, various types of 
iron carbides, a broad sextet with parameters difficult to assign to a 
specific phase and that probably corresponds to a nanophasic Fe3+

oxide, a small paramagnetic Fe3+ doublet and, in some cases, a very 

Table 3 
Hyperfine parameters obtained from the fit of the Mössbauer spectra and assignment to various chemical species.   

Doublet Doublet Sextet Sextet Sextet Sextet Sextet Sextet 

δ (mms-1) 0.36 1.12 0.33 0.28 0.66 0.00 0.22–0.26 0.41 
Δ (mms-1) 0.69 0.36 0.06 0.00 0.03 0.00 0.24–0.35 0.08 
H (T) – – 50.1 48.8 46.0 33.0 17.0–25-0 42.1 
Assignment Paramagnetic  

Fe3+oxide 

Paramagnetic  

Fe2+

Maghemite  

(ϒ-Fe2O3) 

Magnetite  

(Fe3O4), SA 

Magnetite  

(Fe3O4), SB 

Metallic iron Iron carbides Nanophasic   

Fe3+ oxide  

Table 4 
Relative spectral areas of the various chemical species present in the different samples.  

Sample Paramagnetic Magnetite Maghemite Metallic Iron Paramagnetic Nanophasic 
Fe3+ (Fe3O4) (ϒ-Fe2O3) Iron carbides Fe2+ Fe3+ oxide 

MAC-400–0.25-w 47 53 – – – – – 
MAC-400–0.5-w 45 55 – – – – – 
MAC-400–1-w 43 57 – – – – – 
MAC-500–0.25-w 20 80 – – – – – 
MAC-500–0.5-w 23 77 – – – – – 
MAC-500–0.5-a 14 86 – – – – – 
MAC-500–1-w 13 87 – – – – – 
MAC-600–0.25-w 14 86 – – – – – 
MAC-600–0.25-a 12 88 – – – – – 
MAC-600–0.5-w 33 67 – – – – – 
MAC-600–0.5-a 15 85 – – – – – 
MAC-600–1-w 48 52 – – – – – 
MAC-600–1-a 12 88 – – – – – 
MAC-800–0.25-w 10 57 15 9 5 4 – 
MAC-800–0.5-w 4 39 10 30 10 – 7 
MAC-800–0.5-a 18 43 21 1 5 – 12 
MAC-800–1-w 7 59 15 14 4 1 –  

S. Rodríguez-Sánchez et al.                                                                                                                                                                                                                   



Applied Surface Science 551 (2021) 149407

11

small paramagnetic Fe2+ component. The presence of Fe3C at 800 ◦C is 
probably due to the reduction of Fe3O4 into Fe3C at high temperatures 
[48]. The relative contributions of these chemical species to the spectra 
of the different samples are collected in Table 4. 

The samples activated at 500 and 600 ◦C which were subjected to an 
additional washing with acid all gave essentially the same Mössbauer 
spectrum: a small Fe3+ doublet (accounting for 12–15% of the spectral 
area) and a large non-stoichiometric magnetite contribution (85–88%) 

(Fig. 6e-f). The result of the acid washing in this sample is quite clear: it 
produces the removal of most of the phase giving place to the Fe3+

doublet which, as stated above, corresponds most likely to a small 
particle, superparamagnetic, Fe3+ oxide. The acid washing, however, 
does not appear to affect magnetite. It is also evident that there is a limit 
to the amount of the (super)paramagnetic phase that this particular acid 
treatment is able to dissolve since, in all cases, there is a remaining 
12–15% in the final material. 

W
AT

ER
 W

AS
HI

N
G

ACID W
ASHIN

G

Fig. 6. Room temperature Mössbauer spectra recorded from the water washed MACs (a-d) and acid washed MACs (e-g).  
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The effect of the acid washing on the samples activated at 800 ◦C 
resulted in the almost complete removal of the metallic iron particles 
(Fig. 6g) present in the water-washed material. Interestingly, the spec-
trum of MAC-800–0.5-a shows a central paramagnetic Fe3+ doublet 
accounting for 18% of the total spectral area, while it accounted only a 
4% in the spectrum of the MAC-800–0.5-w (6% if we do not take into 
account the metallic iron contribution to the spectrum of the latter). 

3.8. Magnetic properties. 

Fig. 7 shows the magnetization curves, M(H), of the samples ac-
cording to the activation temperature and the type of washing used in 
the preparation (i.e.: water or acid). All the samples exhibit hysteresis 
loops typical of ferromagnetic materials with low values for the coer-
civity, HC, and remanence, MR, (see insets in figure). In order to estimate 
the values for the saturation magnetization, MS, of the samples, we have 
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Fig. 7. Hysteresis loops at RT measured for water washed MACs (a-d) and acid washed MACs (e-g). Insets show the central area of the loops.  
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performed a fit to an approach-to-saturation law [49] in the high mag-
netic field region following the equation: 

M = MSo(1 − a/H − b/H2)+ ?oH (1) 

The values for the different coefficients obtained from the fit are 
given in Table 5. All the samples display soft ferromagnetic character 
attending to the values of the coercivity which is always below 150 Oe. 
The increase of the activation temperature gives rise to an enhancement 
of the saturation magnetization value, regardless on the concentration of 
activation agent in the case of water washing samples. The latter can be 
explained in terms of the different nature of magnetic phases obtained 
from each preparation (see Table 4), in particular between magnetite 
and iron [25]. The saturation magnetization of Fe is almost three times 
that of magnetite, and the samples prepared at higher activation tem-
perature 800 ◦C exhibit greater MS values, thus indicating the formation 
of metallic Fe as confirmed from Mössbauer spectroscopy (see Table 4). 
Moreover, we observe slight changes in the saturation magnetization for 
the samples at the same activation temperature but using different 
chemical activation agent concentrations, except the sample MAC- 
800–0.5-a with small MS due to the formation of a very low amount of 
metallic Fe (Tables 3-4). 

On the other hand, we do not observe an appreciable effect of the 
acid washing for activation temperatures of 500 ◦C and 600 ◦C (compare 
Fig. 7b and Fig. 7e, and Fig. 7c and Fig. 7f, respectively). However, a 
drastic change in the MS value is clear for the samples prepared at the 
highest activation temperature (Fig. 7d and Fig. 7g), thus indicating the 
ability of acid washing for removal of the metallic iron phase as it has 
been pointed out from Mössbauer spectroscopy. 

4. Conclusions  

• The different activating agent/precursor mass ratio (0.25:1, 0.5:1, 
1:1), the type of washing process (water or acid) and the activation 
temperature employed in the MACs obtention thermochemical pro-
cess, play an important role in the characteristics and properties 
developed in the materials under study.  

• A significant difference in the ash content is observed between MACs 
obtained at the highest temperatures (600–800 ◦C) and a proportion 
of 0.5 and 1 of activating agent. In the case of water washed materials 
the percentage of mineral matter increases considerably at 800 ◦C 
(1:1) compared to the inverse behavior observed in MACs washed 
with 1 M HCl solution.  

• The SEM-EDX analysis shows the appearance of different iron species 
in the MACs according to the process conditions: well-defined crys-
tals at 400 ◦C activation temperature and agglomerates at 800 ◦C 

washed with water. For the acid-washed MAC-800–0.5-a, most of the 
agglomerates generated have disappeared. One molar acid solution 
has removed most of the iron species formed. 

• The low mineral content in acid washed adsorbent materials ob-
tained at higher temperatures favor larger SBET up to 822 m2/g and, 
in general, the MACs microporosity. Likewise, micropore volume 
determined by CO2 adsorption (W0) is also achieved better results 
under these conditions up to 0.30 cm3/g.  

• XRD, FTIR or Raman spectroscopies confirm the presence of metallic 
iron and iron carbides at the highest activation temperature as well 
as the disappearance of functional groups in the new adsorbent 
materials and the appearance of new bands corresponding to mag-
netic compounds, especially magnetite. The effect of acid washing 
can also be appreciated in the spectra, especially in the MAC ob-
tained at 800 ◦C where the intensity of the magnetite is weaker.  

• Mössbauer spectroscopy shows the existence of different iron species 
in the adsorbent materials studied: Magnetite and Paramagnetic Fe3+

in MACs obtained up to 800 ◦C along with maghemite, metallic iron, 
iron carbides, paramagnetic Fe2+ and Nanophasic Fe3+ oxide, which 
are only present in MACs obtained at 800 ◦C.  

• The magnetic measurements at room temperature suggest that the 
acid washing has no influence in the magnetic response of the MACs 
at the lowest activation temperature, but abruptly affects the mag-
netic behavior of the MACs prepared at 800 ◦C due to the dragging of 
metallic iron.  

• Finally, the design strategy developed in the conversion of industrial 
biomass waste provided advanced multifunctional adsorbent mate-
rials with tailored properties. 
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Table 5 
Values of the different magnetic parameters obtained from the hysteresis loops and from the fit to an approach-to-saturation law (see text).  

Sample Saturation 
Magnetization 
MS [emu/g] 

Remanence 
MR [emu/g] 

Coercivity 
HC [Oe] 

Susceptibility 
χ [emu/g⋅Oe] 

a [Oe] b [Oe2] 

MAC-400–0.25-w 3.4 0.2 75 6.8⋅10-6 8.1⋅101 3.6⋅105 

MAC-400–0.5-w 2.9 0.2 45 6.2⋅10-6 4.7⋅101 3.2⋅105 

MAC-400–1-w 3.3 0.2 70 6.0⋅10-6 2.2⋅101 3.4⋅105 

MAC-500–0.25-w 7.8 0.4 23 7.2⋅10-6 2.9⋅101 4.0⋅105 

MAC-500–0.5-w 9.0 0.4 33 6.2⋅10-6 4.0⋅101 3.6⋅105 

MAC-500–0.5-a 8.8 0.4 47 1.6⋅10-6 8.1⋅101 3.3⋅105 

MAC-500–1-w 11.8 0.5 50 8.1⋅10-6 1.1⋅101 4.3⋅105 

MAC-600–0.25-w 13.5 0.8 57 5.4⋅10-6 4.9⋅101 3.9⋅105 

MAC-600–0.25-a 11.8 0.8 67 9.7⋅10-6 – 5.3⋅105 

MAC-600–0.5-w 10.1 0.7 65 9.7⋅10-6 2.6⋅101 4.5⋅105 

MAC-600–0.5-a 11.1 0.4 42 4.9⋅10-6 3.4⋅101 3.7⋅105 

MAC-600–1-w 8.6 0.5 67 1.1⋅10-5 5.4⋅101 5.3⋅105 

MAC-600–1-a 8.3 0.3 47 1.3⋅10-8 1.3⋅102 1.9⋅105 

MAC-800–0.25-w 16.3 2.1 32 3.1⋅10-6 4.7⋅102 2.3⋅104 

MAC-800–0.5-w 32.0 3.9 140 1.3⋅10-5 7.1⋅102 3.3⋅104 

MAC-800–0.5-a 2.8 0.5 40 3.7⋅10-6 2.4⋅102 1.4⋅105 

MAC-800–1-w 24.7 3.6 60 5.1⋅10-6 2.2⋅102 4.3⋅105  
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the work reported in this paper. 
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[6] R. Diaz-Ruiz, M. Costa-Font, F. López-i-Gelats, J.M. Gil, Food waste prevention 
along the food supply chain: A multi-actor approach to identify effective solutions, 
Resour. Conserv. Recycl. 149 (2019) 249–260, https://doi.org/10.1016/j. 
resconrec.2019.05.031. 

[7] H.A. Hamilton, M.S. Peverill, D.B. Müller, H. Brattebø, Assessment of Food Waste 
Prevention and Recycling Strategies Using a Multilayer Systems Approach, 
Environ. Sci. Technol. 49 (2015) 13937–13945, https://doi.org/10.1021/acs. 
est.5b03781. 

[8] N. Leder, M. Kumar, V.S. Rodrigues, Influential factors for value creation within 
the Circular Economy: Framework for Waste Valorisation, Resour. Conserv. Recycl. 
158 (2020), https://doi.org/10.1016/j.resconrec.2020.104804, 104804. 

[9] P. González-García, Activated carbon from lignocellulosics precursors: A review of 
the synthesis methods, characterization techniques and applications, Renew. 
Sustain. Energy Rev. 82 (2018) 1393–1414, https://doi.org/10.1016/j. 
rser.2017.04.117. 

[10] S. Wong, N. Ngadi, I.M. Inuwa, O. Hassan, Recent advances in applications of 
activated carbon from biowaste for wastewater treatment: A short review, 
J. Cleaner Prod. 175 (2018) 361–375, https://doi.org/10.1016/j. 
jclepro.2017.12.059. 

[11] H. Marsh, F. Rodríguez-Reinoso, Activated Carbon, 1st ed., New York, 2006. 
[12] S. Elkhalifa, T. Al-Ansari, H.R. Mackey, G. McKay, Food waste to biochars through 

pyrolysis: A review, Resour. Conserv. Recycl. 144 (2019) 310–320, https://doi. 
org/10.1016/j.resconrec.2019.01.024. 

[13] B. Ruiz, N. Ferrera-Lorenzo, E. Fuente, Valorisation of lignocellulosic wastes from 
the candied chestnut industry Sustainable activated carbons for environmental 
applications, J. Environmental Chemical Eng. 5 (2017) 1504–1515, https://doi. 
org/10.1016/j.jece.2017.02.028. 

[14] C.O. Thompson, A.O. Ndukwe, C.O. Asadu, Application of activated biomass waste 
as an adsorbent for the removal of lead (II) ion from wastewater, Emerging 
Contaminants. 6 (2020) 259–267, https://doi.org/10.1016/j.emcon.2020.07.003. 

[15] S.Á. Torrellas, R. García Lovera, N. Escalona, C. Sepúlveda, J.L. Sotelo, J. García, 
Chemical-activated carbons from peach stones for the adsorption of emerging 
contaminants in aqueous solutions, Chem. Eng. J. 279 (2015) 788–798, https:// 
doi.org/10.1016/j.cej.2015.05.104. 
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