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Abstract: Nowadays, the scientific interest is focused more and more on the development of new
strategies in recycling of waste products as well as on the development of clean technologies due
to the increased environmental pollution. In this work we studied the valorization of an expired
cheese-tomato flavor corn snack, which is polysaccharide food product, by producing advanced
hybrid magnetic materials for environmental remediation purposes. The carbonization-chemical
activation of this snack using potassium hydroxide leads to a microporous activated carbon with
high surface area (SgBET ~800 m2/g). The magnetic hybrid material was synthesized via an in-situ
technique using iron acetate complex as the precursor to produce iron based magnetic nanoparti-
cles. The resulting material retains a fraction of the microporous structure with surface area SgBET

~500 m2/g. Such material consists, of homogenously dispersed magnetic isolated zero valent iron
nanoparticles and of iron carbides (Fe3C), into the carbon matrix. The magnetic carbon exhibited
high adsorption capacity in Cr(VI) removal applications following a pseudosecond order kinetic
model. The maximum adsorption capacity was 88.382 mgCr(VI)/gAC at pH = 3. Finally, oxidation
experiments, in combination with FT-IR, Mössbauer, and VSM measurements indicated that the
possible Cr6+ removal mechanism involves oxidation of iron phases and reduction of Cr6+ to Cr3+.

Keywords: potassium hydroxide activation; zero valent iron; iron carbides; magnetic nanoparticles;
kinetic study; hexavalent chromium; cheese-tomato flavor corn snack

1. Introduction

In the recent years, following the trend to minimize the landfilled waste products and
to valorize several biomass byproducts various recycling strategies have been tested. One of
the most promising is the production of porous carbon materials for different applications
such as water purification, catalysis, energy storage and gas adsorption [1–4]. In the EU28,
approximately 88 million tons of foods which costs €143 billion are wasted annually [5,6].
Many products in the food industry such as cereal foods, cornmeal, pretzels, flours, oats,
pasta, rice, potato, corn, roots, fruits, seeds, vegetables, etc. consist of polysaccharides such
as starch, maltodextrin, glycogen, cellulose, pectin, amylose, amylopectin, etc. and other
mono-, di- or oligo- saccharides such as sucrose, glucose, fructose, etc. [7,8]. Such molecules
can act as carbon sources for the production of porous carbon materials by using different
synthetic approaches such as pyrolysis with chemical, physical, or catalytic activation,
polymerization and carbonization, template methods etc. [9].
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Activated carbons are the high surface area porous carbon materials, which are pro-
duced by chemical or physical activation of char. Chemical activation is carried out using
an activating agent like KOH, KHCO3, K2CO3, ZnCl2, CaCl2 H2SO4, H3PO4 and CO2 [10].
These materials are considered among the most widely used absorbents for environmental
remediation applications due to their low cost, high porosity, tunable pore size and high
adsorption capacities [11]. Cr(VI) is a highly soluble heavy metal that exerts toxic effects
on humans and animals [12,13]. However, it is produced in many industrial processes,
resulting in concentration of 0.5–270 mg/L Cr(VI) in industrial wastewaters which is much
more higher than the permissible level for living organisms (0.05 mg/L) according to the
WHO (World Health Organization) [14–16]. Therefore, it is of vital importance the finding
of new materials and techniques for water purification from hexavalent chromium. Among
the different methods that have been proposed for Cr(VI) removal (chemical precipitation,
ion exchange, membrane filtration, electrochemical treatment and adsorption), adsorption
seems to be one of the most preferable methods due to its high efficiency, simplicity and
low cost [13,17–19]. As it is reported in literature, various biomass sources have been
used following the cyclic economy spirit, to synthesize activated carbon for the removal
of the toxic hexavalent chromium. Mango kernel [20], coconut tree sawdust [21], coconut
shell [22], bael fruit shell [23], peanut shell [17], “Posidonia oceanica” [24], etc. [25–29] are
some kinds of biomass that have been used for this purpose.

Furthermore, iron based magnetic nanoparticles attracted significant attention from
the scientific community for Cr(VI) removal applications, due to their simple and low cost
production, small particle size, and high surface area and catalytic activity, as they compared
to other corresponding bulk materials [30–33]. However, such kind of nanoparticles, are
easily oxidized in air and trend to agglomerate, decreasing their efficiency in heavy metal
adsorption/reduction process. The combination of a porous carbon with iron magnetic
nanoparticles can overcome these difficulties, leading to hybrid materials. Such materials
composed with protected and isolated magnetic nanoparticles into the carbon matrix
exhibiting advanced sorption properties for environmental remediation [34–36]. The porous
carbon materials act as effective supports due to their high specific surface area and
resistance to acidic and basic conditions. Also their surface can be functionalized to
provide controlled metal loading sites [37]. Such carbon/iron composites exhibit enchanced
efficiency for environmental applicatons derived from both the higher reactivity of the
iron nanoparticles and simultaneously the active role of the porous carbon matrix in the
catalytic and sorption processes [38].

In this work we present the possibility to use an expired food product, a cheese-
tomato flavor corn snack, for the synthesis of a hybrid magnetic carbon material for the
first time. Also we investigate its effectiveness in environmental applications such as
for hexavalent chromium removal from aqueous solutions. This snack contains several
polysaccharides which can be carbonized and activated for the production of an activated
carbon with high surface area. The combination of Fe3+ ions with acetic acid vapors during
the activation process leads to an advanced magnetic hybrid material. This low cost and one
step carbonization aproach leads to the formation of isolated zero valent iron nanoparticles
on a carbon matrix, with high effectiveness in hexavalent chromium removal applications.
A post-treatment method but with a different carbon matrix has been previously reported
by our team [39] for the production of magnetic hybrid material. According to this literature,
even the produced hybrid material shown higher surface area, it consisted of lower content
of magnetic nanoparticles and also exhibited lower effectiveness in hexavalent chromium
sorption process.

2. Materials and Methods
2.1. Materials and Chemical Reagents

Expired cheese-tomato flavor corn snack (Cheetos, here it is defined as “snack”) was
supplied from the local market. According to the package information, the snack contains
the following ingredients: corn meal (55%), corn oil, potato granules, wheat flour, cheese
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powder (4.1%), tomato powder (3.4%), rice flour, onion powder, salt, rusk powder, skimmed
milk powder, lactose powder, sugar, dextrose, flavourings, yeast powder, acidity regula-
tor (sodium acetates, citric acid), disodium 5′ ribonucleotide, rapeseed oil, celery seed,
barley malt flour, smoke flavourings, spice, maltodextrin, paprika extract, sunflower oil,
paprika powder. All the purchased chemical reagents were used in this work as received
without further purification. More specific, iron(iii) nitrate nonahydrate (Fe(NO3)·9H2O),
1,5-diphenylcarbazide (C13H14N4O, ≥97%), potassium dichromate (K2Cr2O7, 99.98%), hy-
drochloric acid (HCl, 37%), acetic acid (99.5%), acetone (99.9%)and phosphoric acid (H3PO4,
85%) were purchased from Merck (Merck, Darmstadt, Germany), potassium hydroxide
(KOH, 85%) from Riedel-de Haen (Riedel-de Haen, Seelze, Germany) whereas ethanol
99.5% (EtOH) and methanol 99.8% (MeOH) from Panreac (Panreac, Barcelona, Spain).

2.2. Synthesis of Materials
2.2.1. Synthesis of AC-Snack

For the synthesis of bare activated carbon (AC) derived from the snack, without
magnetic nanoparticles, 3 g of snack species were grounded and mixed with 3 g of activating
agent KOH. The mixture was pyrolyzed for 30 min, under flowing Ar atmosphere, at 600 ◦C,
with 10 ◦C/min increasing temperature rate. Then the produced carbon was washed with
deionized water to remove the inorganic byproducts. The material was dried in room
temperature under vacuum and the code name of the sample was AC-snack.

2.2.2. Synthesis of mAC-Snack

For the synthesis of the magnetic hybrid material, the following in-situ strategy was
followed. Snack species (3 g) were impregnated with 60 mL iron nitrate solution (3 g of
Fe(NO3)3·9H2O, 10 mL MeOH), dried for 1 h at 80 ◦C and exposed to acetic acid vapors
at 80 ◦C for 1 h. The produced snack/iron acetate species were dried for 30 min at 80 ◦C
and continiously grounded and mixed with the activating agent 3 g KOH (weight ratio
snack:KOH = 1:1). Finally, the powdered mixture snack/iron acetate/KOH was pyrolyzed
for 30 min in Ar flowing atmosphere at 600 ◦C with 10 ◦C/min increasing temperature
rate, washed with a 30/70 v/v H2O/MeOH solution and dried in room temperature under
vacuum (the code name of the sample is mAC-snack). A post-treatment method that have
been previously reported by our team in different carbon matrix [39] was also tested for
the production of magnetic hybrid material using the acticvated carbon derived from this
snack (mAC-snack (p.t.)).

2.3. Characterization of Materials

The X-ray powder diffraction patterns of the materials were provided by a D8 Ad-
vance Bruker diffractometer (Bruker, Billerica, MA, USA) using Cu Ka (40 kV, 40 mA,
λ = 1.541 78 Å) radiation and a secondary beam graphite monochromator (Measurement
conditions: 2θ = 10–70 degrees, in steps of 0.02 degrees and 2 s counting time per step).

Infrared (FT-IR) spectroscopy was performed on powdered samples dispersed in KBr
pellets using a JASCO FT/IR-6000, Fourier transform spectrometer (JASCO, Easton, PA,
USA). The spectra are the average of 32 scans at 4 cm−1 resolution and were measured in
the frequency range of 400–4000 cm−1.

For the thermogravimetric (TGA) and differential thermal analysis (DTA) data, about
5 mg of the sample were heated in the air from 25 ◦C to 750 ◦C, with an increasing temper-
ature rate of 5 ◦C/min using a Perkin Elmer Pyris Diamond TG/DTA instrument (Perkin
Elmer, MA, USA).

The 57Fe Mössbauer spectra of the magnetic material mAC-snack before and after
the sorption experiments were collected in transmission geometry at room temperature
(RT, 300 K) and 77 K, using constant-acceleration spectrometers (Wissel Elektronik GMBH,
Starnberg, Germany), equipped with 57Co(Rh) sources kept at RT and a liquid N2 bath
cryostat (Oxford Instruments, Witney-Oxon, England-UK). Velocity calibration of the
spectrometers was carried out using metallic α-Fe at RT and all isomer shift (IS) values
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are given relative to this standard. The experimentally recorded spectrum was fitted and
analyzed using the IMSG code [40].

The magnetic properties of the magnetic material mAC-snack before and after the
sorption experiments were investigated by means of isothermal magnetization (M) versus
(vs.) applied magnetic field (H) measurements, which were conducted at room temperature
using a vibrating sample magnetometer (VSM, LakeShore 7300, Westerville, OH, USA)

Transmission electron microscopy (TEM) observations were performed using the
instrument JEM HR-2100 (JEOL Ltd., Tokyo, Japan), operated at 200 kV in bright-field
mode. A drop of high-purity distilled water, containing the ultrasonically dispersed
particles, was placed onto a holey carbon film supported by a copper-mesh TEM grid
(CF300-CU-UL, carbon square mesh, CU, 300 mesh from Electron Microscopy Science,
Hatfield, England) and it was air-dried at room temperature.

The N2 adsorption-desorption isotherms were measured at 77 K on an Autosorb iQ
Quantachrome porosimeter (Anton Paar QuantaTec Inc., Boynton Beach, FL, USA). The
samples were outgassed at 150 ◦C for 20 h under vacuum (10−6 mbar) before the measure-
ments. Brunauer-Emmett-Teller (SBET) [41] and CPSM method (SCPSM) [42,43] were used for
the specific surface area determination (Sg(m2/g)) [44]. Pore size distribution was estimated
using both the CPSM model [42,43,45] and the DFT model for cylindrical pores [46]. Total
pore volume was estimated from the total adsorbed amount at P/P0 ≤ 0.998. Moreover, the
micropore volume fraction was evaluated according both to Dubinnin-Raduskevitch [47]
and CPSM method [48].

UV-Visible (UV-vis) spectra were measured with halogen lamp in the range 400–700 nm
(0.5 nm step), using a two-beam spectrophotometer UV-2401(PC)-Shimadzu (Shimadzu,
Kyoto, Japan).

2.4. Batch Experiments

The magnetic hybrid materials mAC-snack and mAC-snack (p.t.) as well as the raw ac-
tivated carbon AC-snack were tested for their adsorption capacity in hexavalent chromium
removal by kinetic experiments in acidic conditions (pH = 3). For these experiments, 18 mg
of the adsorbent was dispersed in 100 mL of an around 3 ppm Cr(VI) aqueous solution
and reacted for 48 h. During the reaction, and at specific time periods i.e., 0.5, 1.5, 2.5, 3.5,
6, 9, 24 and 48 h, 300 µL of the supernatant solution were photometrically measured by
applying the 1,5-diphenylcarbazide method [49]. Subsequently, the mAC-snack material,
which exhibited the highest adsorption capacity, was studied using 100 mL Cr(VI) aqueous
solutions with 18 mg adsorbent dispersed in it, at different pH values i.e., 1.5, 3.0, 3.6, 4.0
and 5.0, and different Cr(VI) initial concentrations i.e., 2.41, 5.24, 10.88, 19.81, 39.65, 49.31,
and 68.72 ppm. The different Cr(VI) initial concentrations of the studied aqueous solutions
were obtained by appropriate dilution of a stock Cr(VI) solution (1 mg/mL) with distilled
water and the pH value was adjusted by adding 1 N HCl. The batch experiments were
performed at 21 ◦C. After the adsorption process, the suspension was centrifuged and
the solid phase were analyzed using FT-IR and Mossbauer spectroscopies as well as VSM
magnetic measurements.

2.5. Oxidation Experiments for the Determination of Cr3+ in the Solution

After the end of the batch Cr(VI) adsorption experiments, the supernatant solutions were
oxidized with KMnO4, in order to determine the diluted Cr3+ species. A 3500 ppm KMnO4
aqueous solution, was used as stock solution. Aqueous MnO4

− solution which exhibited a
small equivalent excess i.e., 1.2× initial Cr(VI) concentration, was reacted for 30 min with each
supernatant solution in order to ensure the oxidation of the diluted Cr3+ species to Cr6+. The
Cr6+ concentration was determined using the diphenylcarbazide method.
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2.6. Thermodynamics of Cr(VI) Adsorption

Equations (1) and (2) were used for the calculation of Gibbs free energy (∆G0) for the
adsorption process of Cr(VI) in the mAC-snack material at temperature T = 21 ◦C and
pH = 3,

KD = qe/Ce (1)

and
∆G0 = −RT·lnKD (2)

where Ce (mg/mL) is the concentration of Cr(VI) in the liquid phase at the equilibrium
stage, qe (mg/g) is the amount of Cr(VI) adsorbed in the activated carbon at the equilibrium
stage, KD (mL/g) is the distribution coefficient, R (8.134 J/mol K) is the gas constant, and T
is the process temperature in Kelvin (K).

3. Results and Discussion
3.1. Material’s Characterization

Porosimetric tests were carried out on mAC-snack, mAC-snack (p.t.), and AC-snack
materials. Figure 1 presents the porosimetric study of the most advantageous among
these three materials i.e., the mAC-snack material. Similar measurements and estimations
were also carried out for the other two materials and the results are presented in Tables 1
and 2. It is obvious from the tabulated values that the AC-snack product exhibits the
greater pore volume and the bigger specific surface area. Also we could say that in all
cases hierarchical pore structure with micro-meso-macro- pore intraparticle regions was
achieved. This result is also obvious from the DFT distribution. According to the pore
number distributions in all cases the micropore fraction exhibits a mean pore diameter in
the range of DCPSM

Nmean = 1.35–1.60 nm. The fraction of the micropore volume predicted
using the CPSM model VCPSM

micro increases as we go from the mAC-snack to the AC-snack
material. This result is consistent with the micropore volume VD-R

micro predictions of the
Dubbinin Raduskevitch method.

Table 1. Textural parameters derived from N2 adsorption-desorption measurements.

Material
SgBET
(m2/g)

SCPSM
(m2/g)

Vpore
(cm3/g)

VCPSM
micro

(% cm3/g)
VD-R

micro
(% cm3/g)

mAC-snack 426 571 0.357 56 55
mAC-snack (p.t.) 544 754 0.303 76 86

AC-snack 766 1059 0.394 92 93

Table 2. Textural parameters derived from CPSM simulation of N2 adsorption-desorption overall
hysteresis loop and from the DFT method application.

Material DCPSM
Nmean *

(nm)
DCPSM

Vmean **
(nm)

DCPSM
Vmicro

(nm)
DCPSM

Vmeso1
(nm)

DCPSM
Vmeso2

(nm)
DDFT

Vmicro
(nm)

DDFT
Vmeso

(nm)

mAC-snack 1.52 25 1.44 10.7 66.8 0.71/1.2 5.3
mAC-snack (p.t.) 1.39 38 1.30 2.1 16.5 0.70/1.1 5.1

AC-snack 1.41 2 1.38 2.0 8.2 0.69/1.02 2.1

* DCPSM
Nmean: mean pore diameter resulted from the pore number distribution (pore population). ** DCPSM

Vmean:
mean pore diameter resulted from the pore volume distribution.

Results for specific surface area, percentage of micropore volume fraction, and mean
pore diameter from number and volume distributions are presented in Tables 1 and 2.

The validation of the three materials as absorbers for the Cr(VI) removal processes
was carried out by adsorption kinetic experiments. Approximately equal low concentra-
tion aqueous Cr(VI) solutions was prepared as follows, 2.41 ppm to test the mAC-snack
material, 2.82 ppm to test the mAC-snack (p.t.) material, and 3.14 ppm to test the AC-snack
material. Tests were completed at pH = 3 and temperature T = 21 ◦C. Figure 2 presents the
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fitting results of the Pseudo First Order (PFO) and the Pseudo Second Order (PSO) kinetic
models [29] upon the experimental data.
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(a) mAC-snack, (b) mAC-snack (p.t.), and (c) AC-snack adsorption experimental data.

Results from these fittings are presented in Table 3 and the PSO adsorption kinetic
model is obviously the best fitted model.
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Table 3. Pseudo First and Pseudo Second Order kinetics comparison. Adsorption rate constant,
Cr(VI) uptake at equilibrium stage, and initial adsorption rate calculation.

Material PFO
R2

PSO
R2

k2
gAC·mgCr(Vi)

−1·min−1
qe

mgCr(VI)·gAC
−1

ri
mgCr(VI)·gAC

−1·min−1

mAC-snack 0.9568 0.9900 0.00221 13.77 0.4190
mAC-snack (p.t.) 0.9366 0.98673 6.2966 × 10−4 15.75 0.1562

AC-snack 0.9570 0.9895 5.0076 × 10−4 14.80 0.1097

Initial adsorption rate for the three materials were calculated according to the equation
reported in literature [29]. Even though the mAC-snack material exhibits the lower specific
surface area, it is obvious from Table 3 that this material exhibits the higher initial adsorption
activity. This happens because this material includes zero valent iron in its pore structure,
as it is shown from XRD pattern below and Mossbauer spectroscopy, which enhance the
Cr(VI) adsorption significantly. Continuing this study and because of this reason from this
point we dealt with the mAC-snack material only.

The XRD patterns of the activated carbon AC-snack and the magnetic hybrid mAC-
snack, are presented in Figure 3. After the chemical carbonization and activation of the AC-
snack, XRD pattern didn’t exhibited crystalline peaks indicating the amorphous structure
of the carbon material. On the other hand, the diffraction pattern of mAC-snack sample,
is mainly shown a sharp and intense diffraction peak at 2θ = 44.5◦ and a weaker peak at
65.5◦ which, according to the JCPD library file no. 04-007-9753, are derived from reflections
(110) and (200) respectively of the crystalline phase of magnetic a-Fe. The crystallite size
is calculated equal to ~30 nm by applying Scherrer’s equation at the more intense peak
i.e., 44.5◦. Finally, the XRD pattern of the magnetic hybrid material also exhibits several
weaker peaks which are assigned to the crystalline phase of iron carbide (Fe3C), according
to the JCPD library file no. 00-035-0772. These peaks indicating the presence of zero
valent iron nanoparticles with this phase. The average crystallite size of this phase is
estimated equal to ~29 nm by applying Scherrer’s equation at the more intense peaks (42.7◦

and 43.7◦).
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Figure 3. X-ray diffraction patterns the AC-snack and mAC-snack samples.

The FT-IR spectra of the produced magnetic mAC-snack and non-magnetic AC-snack
materials as well as the corresponding spectrum of the raw snack material are presented in
Figure 4. The spectrum of snack exhibits characteristic absorption bands corresponding
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to vibration modes of C-H, C-O-C, C-O bonds on the organic groups. In our case such
groups exist in corn and potato starch as well as the several ingredients of snack [50].
In detail, absorption bands at 2853 and 2927 cm−1, correspond to the C-H asymmetric and
symmetric stretching vibrations of the (-CH2-) groups [51,52] whereas at 1457 cm−1 to CH2
symmetric deformation modes [50]. The absorption bands at 1747 cm−1 is ascribed to the
C=O stretching modes of protonated carboxylate groups which form cyclic dimers [53],
while at 1150 and 1045 cm−1 to C-O-C and C-O stretching modes. The band at 718 cm−1

can be assigned either to aromatic C-H out-of-plane bending vibrations [54] or C-O-C ring
vibration of carbohydrates on starch [50]. On the other hand, the infrared spectra of the
activated carbon materials, magnetic or not, are similar, showing characteristic absorption
bands of carbon-based materials while the vibration modes of the snack raw material are
absent. More specifically, the broad band at 1545 cm−1, is assigned either to the stretching
vibrations of -COO− units, close to aromatic carbon rings, or C=C bonds in aromatic
rings [53]. Moreover, the broad band at ~1120 cm−1 can be assigned to vibration modes
of C-H bonds in aromatic carbon rings and/or to C-O bonds in ether, phenyl, alcoholic
and ester groups. In the magnetic hybrid’s spectra, there are not observed clear absorption
bands in the low frequency region (745–400 cm−1) that could be assigned to Fe-O and
Fe-C vibrations of the formed iron based nanoparticles (iron carbide (Fe3C) and iron oxide
shell of zero valent iron (Fe0)) [39,55,56]. This is expected due to the formation of very thin
iron oxide shell of zero valent iron phase and/or very small size nanoparticles. Finally,
the broad absorption band at ~3420 cm−1 which exists in all activated carbon’s spectra, is
assigned to vibrations of physically adsorbed water molecules.
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Figure 4. FTIR spectra of AC-snack and mAC-snack samples in comparison with the spectrum of
initial snack.

The DTA/TG curves of AC-snack and mAC-snack samples, are shown in Figure 5.
The DTA curve of AC-snack (Figure 5a) exhibits one exothermic peak at 472 ◦C, which
corresponds to the carbon combustion of the material, and it is accompanied with 77% mass
loss on TG% curve. The ~8% remaining mass could be attributed to potassium carbonates
or oxides that were formed during the activation process [57,58]. On the other hand, the
carbon matrix combustion is obvious in the DTA curve of the mAC-snack (Figure 5b) by
two exothermic peaks at lower temperature (295 and 405 ◦C) and 48.5% mass loss on
TG% curve. This shift of combustion temperature at lower values, could be assigned to
the existence of small iron-based magnetic nanoparticles on mAC-snack. The exothermic
oxidation of these nanoparticles takes place at lower temperatures and consequently such
nanoparticles could act as catalysts for the carbon combustion [39,59]. Finally, the 47.5%



Polysaccharides 2022, 3 334

remaining mass in TG% curve of mAC-snack (Figure 5b), is attributed to the presence of
thermal stable phase of Fe3C [60] and iron oxides that either exist in the material or were
formed by thermal oxidation during the measurement as well as potassium carbonates
or oxides that remained from the carbonization-activation process. Taking into account,
the remaining mass on TG% curve of non-magnetic AC-snack material, it is possible to
estimate the iron content in mAC-snack materials equal to 30.6 %wt.
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Figure 5. DTA and TGA curves of AC-snack (a) and mAC-snack (b) samples.

The transmission electron microscopy (TEM) images of the magnetic hybrid material
mAC-snack are shown in Figure 6. Figure 6a, reveals the formation of spherical nanoparti-
cles having the typical core-shell structure of zero valent iron (Fe0) phase, exhibiting sizes
between ~10–30 nm (~5–20 nm core size and 3–5 nm shell size). These nanoparticles seem
to be homogenously dispersed on the carbon matrix (Figure 6a) with only some small
clusters formation (clusters from two or three nanoparticles). In Figure 6b, it is observed
that nanoparticles with smaller sizes (~3–7.5 nm, dark spots in Figure 6b) than those that
have been estimated from XRD results for the two magnetic phases (~30 nm), also formed.
These nanoparticles are maybe some small cementite (Fe3C) or Fe0 nanoparticles that also
formed on the carbon surface. The Fe0 and Fe3C phases could be appeared with darker
contrast compared to their adjacent phase of carbon or iron oxide due to their large energy
densities [61–63]. However, this is a small region of the sample, and it is not referred to
the whole material. XRD patterns and 57Fe Mössbauer spectra that are described above
and below respectively, represent the total mass of the material and provide the overall
information for the average crystallite and particle size of the sample. Finally, it is observed
that the carbon matrix exhibits a partial ordered structure, which consists of parallel carbon
layers as it shown in Figure 6c.

3.2. Hexavalent Chromium Removal

Experimental measurements for pH effect upon maximum capacity of the hybrid
material mAC-snack, indicated that acidic conditions were necessary. As it is shown in
Figure 7 pH values lower than 3.6 led to 100% removal of Cr(VI) from aqueous solutions.
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Figure 7. (a) Effect of pH value upon maximum removal capacity of Cr(VI) from aqueous solutions.
(b) Effect of initial Cr(VI) concentration in aqueous solutions upon the maximum uptake capacity of
mAC-snack material.

Sequentially, maximum adsorption capacity measurements were carried out at pH = 3
and temperature T = 21 ◦C for 48 h and for different initial Cr(VI) concentrations (2.41, 5.24,
10.88, 19.81, 39.65, 49.31, 68.72 ppm) according to the procedure reported elsewhere [24].
The results are depicted in Figure 7b and the conclusion was that maximum capacity which
was obtained for Cinit. Cr(VI) = 39.65 ppm was qmax = 88.382 mgCr(VI)/gAC. Assuming this
maximum capacity as fixed value we tested four different adsorption models to estimate
the Cr(VI) uptake at the equilibrium stage. The results from this evaluation are depicted
in Figure 8a and reported in Table 4. It is obvious from R2 values that the Langmuir
model fitted best the experimental data which means that a monolayer adsorption is the
prevailing mechanism.
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Figure 8. Test for the appropriate adsorption model (a) as well as for the appropriate kinetic model
(i.e., PFO or PSO) to predict the Cr(VI) removal mechanism from aqueous solutions for different initial
Cr(VI) concentrations i.e., 2.41 ppm (b), 5.24 ppm (c), 10,87 ppm (d), 19.83 ppm (e), and 39.64 ppm (f).

Table 4. Correlation coefficient values resulted from the comparison of four adsorption models
assuming maximum uptake capacity qmax. Predicted Langmuir adsorption constant KL.

Material R2 qmax (mgCr(VI)/gAC) KL
(ppm−1)

Langmuir 0.94944 88.382 0.27987
Freundlich 0.92982 -

Temkin 0.89601 -
Redlich-Peterson 0.93406 -

For adsorbent mass mads. (mg) in 1000 mL Cr(VI) aqueous solution the calculated Ce
(ppm) concentration of Cr(VI) in aqueous solution at equilibrium stage is as follows:

Ce(ppm) = Cinit.(ppm)− mads.
1000

∗ qe (3)

where qe (mgCr(VI)/gAC) is the Cr(VI) uptake at the equilibrium stage and Cinit. (ppm) the
initial Cr(VI) concentration.

The Langmuir adsorption equation could be modified as follows:

qe =
KL ∗ qmax ∗

(
Cinit. − mads.

1000 ∗ qe
)

1 + KL ∗
(
Cinit. − mads.

1000 ∗ qe
) (4)
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It is obvious from Equation (2) that the total uptake at the equilibrium stage depends
on the initial concentration of Cr(VI). Solving the non-linear Equation (2) with numerical
methods (i.e., solver software Excel) we obtain different values of qe for different initial
concentrations. The results from this numerical solution are presented in Table 5. Keeping
fixed the values of the qe estimated by Langmuir model we test pseudo first (PFO) and
pseudo second (PSO) order kinetic model for five different initial Cr(VI) concentrations.
Results are presented in Figure 8b–f. According to the R2 criterion which is also presented
in Table 5 the pseudo second kinetic model predicts more accurate the qt amount of the
adsorbed Cr(VI) versus the time of the adsorption.

Table 5. Total Cr(VI) amount uptake to the mAC-snack adsorbent at equilibrium stage for different
initial concentrations.

Cinit.
(ppm)

qe (Langm.)
(mgCr(VI)/gAC)

PFO
R2

PSO
R2

k2
(g·mg−1·min−1)

ri2
(mg·g−1·min−1)

2.41 10.62 0.95675 0.98995 0.00221 0.2493
5.24 22.38 0.87858 0.95114 5.25274 × 10−4 0.2631

10.88 42.23 0.82838 0.9527 1.75396 × 10−4 0.3128
19.81 62.43 0.73202 0.8664 8.94774 × 10−5 0.3487
39.65 77.58 0.4922 0.63204 9.57968 × 10−5 0.5766
49.31 80.17 - -
68.72 82.88 - -

As it is shown in the initial adsorption rate column this rate increases as the initial
concentration increases. Moreover, the pseudo second order mechanism indicates that not
only physical adsorption occupation of pore surface free sites occurs, but chemical bonding
and maybe chemical reactions took place.

A comparison for the adsorption capacity of the magnetic material mAC-snack, with
other adsorbents reported in literature, is presented in Table 6. As it shown mAC-snack
exhibits higher or similar adsorption efficiency than other activated carbons, magnetic
activated carbon hybrids, or bare iron-based nanoparticles.

Table 6. Comparison of the Cr(VI) adsorption capacities (qm) on mAC-snack with other adsorbents
reported in the literature.

Adsorbent pH qm (mg/g) Ref.

Sodium polyacrylate
AC/Fe-Fe3C 3 90 [38]

Fe/Fe3C nanoparticles 3 100 [64]

nZVI–Fe3O4 3 100 [65]

AC-fiber/nZVI 3 91.5 [66]

Filtrasorb 400-AC/nZVI 4 25 [67]

AC/nZVI 5 24 [68]

AC/Fe-Fe3O4 2–6 165–73 [69]

modified AC/nZVI 4 66 [70]

Corn cob-AC/Fe3O4 2 57 [71]
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Table 6. Cont.

Adsorbent pH qm (mg/g) Ref.

MWCNTs/Fe3O4 2 14.28 [72]

AC/Fe3O4 2 2.84 [72]

Magnetic nanocomposite
prepared with cotton 4 3.74 [73]

Magnetic biochar prepared from
Melia azedarach wood 3 25.27 [74]

Cellulose-biochar/ZVI 3 30.83 [75]

Hemicellulose-biochar/ZVI 3 23.77 [75]

Lignin-biochar/ZVI 3 17.68 [75]

Powdered AC 4 46.9 [76]

coconut tree sawdust-AC 3 3.46 [21]

longan seed-AC 3 35.02 [77]

Casuarina equisetifolia
leaves-AC 3 17.2 [25]

Poseidonia Oceanica-AC 3 120 [24]

spent coffee-AC 3 109 [29]

mAC-snack 3 88.38 This work

3.3. Thermodynamics of Cr(VI) Adsorption. Results for Gibbs Free Energy

For initial concentrations of Cr(VI) 2.41, 5.24, 10.88, 19.81, 39.65, 49.31, and 68.72 ppm
the adsorption process into the mAC-snack exhibits Gibbs free energy ∆G0 −23.85, −23.51,
−22.64, −21.28, −19.17, −18.52, and −17.56 kJ/mol respectively. The negative values con-
firm the spontaneous nature of the adsorption process. The values lower than −20 kJ/mol
indicate the transition to the chemisorption phenomena where the rate control mechanism
includes ion-exchange, surface complexation, chemical bonding, and may be reaction
phenomena. Values higher than −20 kJ/mol indicate transition to physisorption phe-
nomena where the occupation of the free sites of pore surface is the control mechanism.
Thus, according to literature [24,78] ∆G0 values which were resulted by this study indi-
cate that both physisorption and chemisorption phenomena occur and this is consistent
with the Pseudo Second Order (PSO) model which is the preferable model of the sorption
kinetic studies. Moreover, it is obvious that as the initial Cr(VI) concentration increases
the ∆G0 values also increase which means that high presence of Cr(VI) ions interfere the
chemisorption processes.

3.4. Study of the Removal Mechanism

After the batch experiments with different initial Cr(VI) concentrations i.e., 2.41, 5.24,
10.88, 19.81, and 39.65 ppm, using mAC-snack material, the supernatant solutions were
oxidized by MnO4

− in order to determine the remaining quantity of Cr3+ in the solution.
As it shown from the results of the redox experiments in Figure 9, the residual Cr3+ is
increasing following the increase of the initial Cr(VI) concentration. The presence of such
quantities of Cr3+ in the solutions, indicates that a redox reaction between Cr6+ and zero
valent iron occurs.
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Figure 9. Remaining quantity of Cr(III) in the solution after the sorption experiments with mAC-snack
at different initial Cr(VI) concentration in comparison with the total quantity of Cr(VI) removed from
the solution.

The comparative FT-IR spectra of the solid adsorbent material mAC-snack, before and
after 48 h reaction with Cr(VI) solutions, with different initial Cr(VI) concentrations at pH 3,
are presented in Figure 10. In the infrared spectra of the material after Cr(VI) sorption,
there are new absorption bands related with the interactions that occur between chromium
species and zero valent iron nanoparticles as well as with the surface groups of carbon
matrix. More specific, the appearance of the bands at 1700 and 1620 cm−1 and the increment
of the relative intensities at 1230 and 1030 cm−1, which are ascribed to vibration modes of
C=O and C-O bonds on surface groups i.e., carboxyl, carbonyl, ether, hydroxyl [79–81], are
related with the interactions of chromium with these groups during the sorption. Due to the
acidic conditions of the sorption experiments i.e., pH = 3, the carbon surface is positively
charged via its oxygen containing groups, and thus can adsorb the negatively charged
chromium oxide species resulting to changes in the infrared spectra on these bands. In
general, the protonated and uncoordinated COOH stretching vibration modes are appeared
in the range of 1700–1750 cm−1, while the deprotonated and coordinated carboxyl group,
COO–M, occurs in the range of 1590–1650 cm−1 [82–84]. In our case, the appearance of
the band at 1635 cm−1 after the chromium sorption, which also becomes more intense as
the initial Cr(VI) concentration increased, indicates the possible coordination of chromium
species on the carbon’s carboxylic groups. On the other hand, considering the interactions
with iron nanoparticles, new weak absorption bands appeared at 630 and 540 cm−1 in
all spectra after Cr(VI) reaction. These bands are assigned to Fe-O vibration modes of
magnetic iron oxides, indicating the oxidation of zero-valent iron nanoparticles during the
sorption reactions. According to literature, Cr(VI) species are initially adsorbed by zero
valent iron nanoparticles, and subsequently are reduced to Cr(III) simultaneously with the
oxidation of Fe0. This fact leads to the precipitation of Cr(III) hydroxides and/or mixed
Fe(III)/Cr(III)-(oxy)hydroxides [85].
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Figure 10. Infrared spectra of the mAC-snack before and after reaction with Cr(VI) solution at pH 3
in different initial concentration.

The 57Fe Mössbauer spectra of the mAC-snack sample are presented in Figure 11a and
show a combination of two clearly magnetically split (sextets) and one quadrupole split
(doublet) components. The resulting Mössbauer parameter values for these components
are listed in Table 7. From these values it is clear that the two sextets correspond to a
metallic α-Fe phase and a carbide Fe3C phase with similar absorption areas (α-Fe: ≈50%,
Fe3C: ≈45%), while the minor doublet corresponds to a Fe3+ iron oxide/hydroxide phase
with superparamagnetic (SPM) characteristics [86]. The corresponding spectra of the mAC-
snack-Cr(VI) sample, after 48 h reaction in Cr(VI) solution with initial Cr(VI) concentration
of 5.24 ppm, are presented in Figure 11b. The analyses of these spectra reveal the presence
of the same set of components used to fit the spectra of the mAC-snack sample, with
the addition of a broad magnetically split component. Resulted Mössbauer parameter
values are similar to those of the SPM Fe3+ iron oxide/hydroxide phase and collapsing
hyperfine magnetic field (Bhf) characteristics (COL). In the later sample, the SPM and
COL iron oxide/hydroxide components acquire a significant part of the total absorption
area i.e., ≈45%, indicating the oxidation of the metallic/alloy α-Fe/Fe3C phases after the
reaction with chromium species. Regarding the absorption areas of the metallic/alloy
phases in this sample, the reduced absorption area for the α-Fe phase relative to the Fe3C
phase (α-Fe: ≈25%, Fe3C: ≈30%), suggests an increased susceptibility in oxidation of the
metallic α-Fe phase relative to the carbide Fe3C phase. This could be a consequence of the
reaction with chromium species.

Figure 12 presents the M vs. H loop measurements of the mAC-snack and the mAC-
snack-Cr(VI), which correspond to material before and after 48 h of reaction with 5.24 ppm
initial Cr(VI) concentration solution respectively. These results were collected at RT. The
clear ferromagnetic characteristics of the loops in both samples signify the contributions of
the ferromagnetic α-Fe and Fe3C phases contained in them. The saturation magnetizations
(MS) of MS ≈ 36 Am2/kg for the mAC-snack and MS ≈ 12 Am2/kg for the mAC-snack-
Cr(VI) samples are attributed to: (i) the hybrid nature of the samples and (ii) the reduced
quantities of the ferromagnetic α-Fe and Fe3C phases, and (iii) the corresponding increased
quantities of the iron oxide/hydroxide phases which were presented in the mAC-snack-
Cr(VI) sample. These phases were relative to those in the mAC-snack due to the oxidation
of the formers as a consequence of the reaction with Cr(VI) species. The non-vanishing
coercivity (HC) reflects the contribution of the nanostructured nature of the magnetic phases
in both samples. Moreover, the increased coercivity for the mAC-snack-Cr(VI) sample
i.e., HC ≈ 30 mT, compared to that of the mAC-snack sample i.e., HC ≈ 20 mT, could
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indicate the presence of a distribution of Fe0 ferromagnetic multidomain nanoparticles
with reduced particle sizes from the mAC-snack-Cr(VI) to the mAC-snack [87]. The iron
core in the mAC-snack larger particles is gone through a size reduction procedure as a
result of the oxidation reaction with Cr(VI) species.
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Figure 11. 57Fe Mössbauer spectra of mAC-snack before (a) and after (b) 48 h reaction with 5.24 ppm
Cr(VI) solution, recorded at 300 and 77 K.

Table 7. Mössbauer hyperfine parameters resulting from the best fits of the corresponding spectra
of mAC-snack before and after 48 h reaction with 6 ppm Cr(VI) solution recorded at 300 and 77 K.
IS is the isomer shift (given relative to α-Fe at 300 K), Γ/2 is the half line-width, 2ε and QS are
the quadrupole shift and quadrupole splitting respectively, Bhf is the central value of the hyperfine
magnetic field, ∆Bhf is the spreading of Bhf, and Area is the relative spectral absorption area of each
component used to fit each spectrum. Typical errors are ± 0.02 mm/s for IS, Γ/2, and 2ε, ± 3 kOe for
Bhf and ± 5% for Area.

Sample T Component (Color) IS Γ/2 2ε or QS Bhf ∆Bhf Area
(K) (mm/s) (mm/s) (mm/s) (kOe) (kOe) (%)

mAC-snack

300

α-Fe (red) −0.01 0.14 0.01 330 3 49
Fe3C (blue) 0.20 0.14 0.04 206 8 45
SPM Fe3+

oxide/hydroxide (green)
0.20 0.25 0.74 0 0 6

77

α-Fe (red) 0.13 0.14 0.01 336 3 51
Fe3C (blue) 0.33 0.14 0.01 254 13 46
SPM Fe3+

oxide/hydroxide (green)
0.33 0.25 0.80 0 0 3
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Table 7. Cont.

Sample T Component (Color) IS Γ/2 2ε or QS Bhf ∆Bhf Area
(K) (mm/s) (mm/s) (mm/s) (kOe) (kOe) (%)

mAC-snack-Cr(VI)

300

α-Fe (red) −0.01 0.14 0.02 331 2 24
Fe3C (blue) 0.19 0.14 0.04 206 9 30
COL Fe3+

oxide/hydroxide
(orange)

0.34 0.15 0.00 260 184 29

SPM Fe3+

oxide/hydroxide (green)
0.39 0.29 0.79 0 0 17

77

α-Fe (red) 0.12 0.14 0.02 337 1 24
Fe3C (blue) 0.33 0.14 0.00 245 7 30
COL Fe3+

oxide/hydroxide
(orange)

0.42 0.15 −0.03 296 136 31

SPM Fe3+

oxide/hydroxide (green)
0.48 0.23 0.73 0 0 15

1 
 

 
Figure 12. M vs. H loops of mAC-snack (red squares) and mAC-snack-Cr(VI) (blue cycles) samples
recorded at room temperature. The inset presents a magnification focused on the loops’ center to
reveal their coercive characteristics.

4. Conclusions

An expired polysaccharide food product i.e., cheese-tomato flavor corn snack, was studied
as a precursor to produce a high specific surface area activated carbon i.e., SBET = 800 m2/g,
and a magnetic carbon hybrid material, for use in an hexavalent chromium removal process
due to environmental remediation activities. The chemical activation of the char, which was
derived from the snack via pyrolysis process, was carried out using potassium hydroxide under
the presence of iron acetate complex species, and leads to the development of a novel porous
magnetic hybrid carbon. This new material exhibits micro-meso-macro- pore intraparticle
regions, remarkable microporous structure, high specific surface area i.e., SBET = 500 m2/g, and
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high efficiency in hexavalent chromium removal. According to the XRD and Mossbauer results,
the hybrid material mainly consists of a metallic α-Fe phase and a carbide Fe3C phase with
similar contents i.e., α-Fe: ≈50% and Fe3C: ≈45%, and only few Fe3+ iron oxide/hydroxide
phase with superparamagnetic characteristics. The VSM magnetization measurements shown
that the material has clear ferromagnetic characteristics with saturation magnetizations (MS)
of MS ≈ 36 Am2/kg. TEM images reveal the formation of spherical core-shell zero-valent iron
nanoparticles, ~10–30 nm in size, and homogenously dispersed on the carbon matrix. The
hybrid magnetic material exhibits high efficiency for Cr(VI) removal, with maximum sorption
capacity ~89 mg/g at pH 3. Kinetic study from the batch experiments reveals that the Pseudo
Second Order model is the preferable model for the sorption while ∆G0 values indicate that
both physisorption and chemisorption phenomena occur. Oxidation experiments of the reacted
solutions after the batch experiments shown the formation of Cr3+ ions in the solution which
indicates the presence of a reduction process of Cr6+ to Cr3+, while FT-IR, Mossbauer and
VSM measurements on the magnetic hybrid after the reaction reveal the formation of iron
oxide/hydroxide components in a significant part of the material. These findings indicate the
oxidation of α-Fe/Fe3C phases (α-Fe: ≈25%, Fe3C:≈30%) during the reaction with chromium
species and at the same time the reduction of Cr6+ to Cr3+. Finally, according to the present
study this kind of expired snack could be recycled for the production of novel hybrid magnetic
carbon with effective sorption properties for environmental remediation applications.
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