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Valorisation of sugar cane bagasse using
hydrothermal carbonisation in the
preparation of magnetic carbon
nanocomposite in a single-step synthesis
applied to chromium adsorption
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Abstract

BACKGROUND: Sugar cane bagasse (SB) is a by-product of the sugar cane industry, and is obtained on a large scale. In this
paper, SB was used as a source of carbon for preparing a magnetic carbon nanocomposite (MCN-SB) through one-step hydro-
thermal carbonisation (HTC), in the presence of iron (lll) nitrate. By way of comparison, SB was replaced by glucose in HTC (MCN-
GLU), and a thermal treatment of this material was then performed under an N, atmosphere (MCN-GLU-HT). The physical and
chemical properties of the nanocomposites were assessed, and the magnetic samples were applied as adsorbents.

RESULTS: MCN-SB and MCN-GLU are composed of iron oxide nanoparticles embedded in carbonaceous matrix which also con-
tain oxygenated groups. The MCN-SB sample was already magnetic after HTC, showing a magnetization saturation (M) of
5.0 emu g, due to the presence of magnetite, whereas MCN-GLU consisted of hematite and required additional thermal treat-
ment (HT) to acquire magnetic properties, with MCN-GLU-HT showing an M, of 30.5 emu g~". In turn, the mesoporous structure
and higher specific surface area (SSA) of MCN-GLU-HT (SSA 90 m? g~ ') than MCN-SB (SSA 53 m? g~ ') was a causative factor for
its higher capacity of hexavalent chromium [Cr (VI)] removal (939 pg g~ '), when compared to MCN-SB (768 pg g~ '), which has a
nonporous structure.

CONCLUSION: The results suggest that SB can be reused, by means of HTC, for the preparation of a magnetically recoverable
adsorbent, showing good adsorption properties.
© 2022 Society of Chemical Industry (SCl).

Supporting information may be found in the online version of this article.
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INTRODUCTION renewable sources such as sugar cane, motivated mainly by the

In Brazil, from the 1970s onwards, the federal government had a oil crisis. Sinc.e then, .the sugar cane industry has develope.d
national programme (Proélcool) aimed at gradually replacing oil robustly, r?aklng. Brazil the second largest ethanol producer in
(a nonrenewable fossil fuel) with ethanol obtained from  the world.” In this process, sugar cane bagasse (SB) is the main
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solid by-product, obtained after grinding the fibre to extract the
juice. Large quantities are obtained annually in each harvest,
and require proper disposal and treatment, to avoid causing envi-
ronmental pollution. Some attempts at reuse have been made,
such as the production of energy by burning in boilers, cellulosic
ethanol, bioplastics and as animal feed for confined cattle.>® Even
so, there is still some excess that is not used, which underlies the
need for work to add value to this material.

Magnetic carbon nanocomposites (MCN) are nanomaterials
that have attracted researchers’ interest owing to their unique
and adjustable properties, which make them suitable for applica-
tion in many areas such as energy, catalysis, medical sciences and
adsorption.“"7 Different magnetic sources, such as iron-, nickel-
and cobalt-based compounds have been used in MCN
synthesis,® whereas a wide variety of carbon (C) sources have
been studied, such as glucose, cellulose and melamine.” "
Recently, several works have shown the feasibility of using agroin-
dustrial wastes (peanut hulls, sesame oil cake, sugar cane
bagasse) as alternatives, because these materials have low cost
and large availability, and moreover, to allow the resource recov-
ery from waste, along with reducing the environmental impact of
agroindustrial activities.'>'*

In order to produce MCNs, many processing methods have
been used, and here we highlight precoating/postcoating pyroly-
sis, chemical co-precipitation, microwave heating, ultrasonication
and hydrothermal carbonisation (HTC).'*">"'® A two-step method
was employed for converting termite faeces and ferric chloride
into a magnetic C, by an sulfuric acid (H,SO,) treatment followed
by pre-coating pyrolysis, which was applied for hexavalent chro-
mium [Cr (VI)] removal.'® Recently, hydrothermal carbonisation,
a low-temperature thermochemical method of biomass conver-
sion, which takes place in aqueous media, has gained prominence
in the synthesis of C-rich materials using agricultural residues as
raw precursors, owing to the possibility of using water as a
reagent and solvent in the process, also enabling the use of acids,
salts and bases to modify the material's characteristics.*°

In the same way, HTC also has been used as a synthesis method
for obtaining C-based magnetic adsorbents, owing to the multi-
functional aspect of its structure, which is the result of porosity
and the presence of functional groups on its carbonaceous sur-
face, thereby providing adsorption sites, combined with the mag-
netic properties of the iron oxide nanoparticles (y-Fe,Os -
maghaemite or FesO, - magnetite) incorporated into the
material >2'?? thereby helping the easy recovery of adsorbent
from the solution. In addition, the presence of a carbonaceous
layer covering the magnetic phase gives protection from oxida-
tion in acidic media,®® expanding its range of applications as an
adsorbent.

In general, centrifugation and filtration methods are used to
separate the adsorbent material (solid phase) from aqueous solu-
tion. These applications are time-consuming and costly. Com-
pared with these traditional methods, the magnetic separation
method is an efficient, fast and economic method for the separa-
tion of magnetic adsorbents from the solutions after the adsorp-
tion treatment of pollutant is completed. The separation of
nonmagnetic adsorbents from sample solution after adsorption
is very difficult and also time-consuming. This problem can be
solved by the incorporation of magnetic nanoparticles on the sur-
faces of nanocomposite adsorbents and then by using a magnet.
In addition, Fe30,4 nanoparticles are the most widely used mate-
rials in the preparation of magnetic nanocomposite adsorbents

owing to their unique properties such as chemical stability, uni-
form particle size and biocompatibility.

Most works can get magnetic C through HTC only with proce-
dures involving two or more steps. For instance, a magnetic C
composite was obtained by the thermal treatment of hydrochar
from Salix psammophila which had been treated with a mixture
of iron (Ill) chloride (FeCls) and zinc chloride (ZnCl,) and applied
as adsorbent of triclosan.?* In the specialised literature, there are
few papers reporting MCN preparation using a one-step HTC
method,’® and whatismore these cases involve the use of addi-
tives along with iron salt and biomass. One of these works pro-
duced an amino-functionalised magnetic C-based adsorbent
through a mild one-step hydrothermal method using peanut hull
waste, in the presence of FeCl; and hexamethylenediamine, for
removal of Cr (VI). As far as we know, the preparation of MCN
using only SB and iron salts, without any additive, has never been
reported by HTC.

This study aims to develop a simpler and eco-friendly process
for MCN preparation. We are proposing to use SB as C source in
the HTC process along with iron (lll) nitrate. The compositional,
morphological, textural and magnetic properties of the nanocom-
posite obtained from SB were investigated and compared
with the properties of the nanocomposite obtained from HTC of
glucose in the presence of iron (lll) nitrate followed by thermal
treatment at 500 °C in a flow of N,. Likewise, as a way of comple-
menting the characterization of the magnetic nanocomposites,
batch adsorption studies were performed using Cr (VI).

MATERIALS AND METHODS

Chemicals and materials

For production of MCN, two different sources of C were used as
raw materials: glucose, a monosaccharide, and SB, a lignocellu-
losic biomass. Anhydrous glucose (CgH;,04, 99.98%) was pur-
chased from Vetec (Brazil), whereas SB was supplied by a sugar
cane industry in Sao Paulo state. The collected sample was regis-
tered on the National System for the Management of Genetic Her-
itage and Associated Traditional Knowledge (SisGen), under
no. A0018C2. The SB was washed with water, dried at 100 °C for
12 h, ground in a knife mill (Marconi, MA 340), sifted (<0.5 mm;
Granutest) and then stored at room temperature. [Fe(NOs)3]-9H,0
(98.0%); Synth, Brazil) was employed as iron source in the step of
MCN synthesis. 1,5-diphenylcarbazide (98.0%; Vetec), phthalic
anhydride (99.0%, Vetec), H,SO, (96.0%; Synth), K,Cr,0,
(1000 mg L™"; Specsol®, Brazil) and anhydrous C,HsOH (98.0%;
Sigma-Aldrich, USA) were employed in the Cr (VI) determination.
HCI (37.0%; Synth) and NaOH (98.0%; Synth) were used for pH
adjustment in batch adsorption experiments. All experiments
were carried out using ultrapure milli-Q® water (18.2 MQ cm™).

Production of MCNs

Preparation of MCN from glucose

The preparation of MCN from glucose followed a two-step pro-
cess: (i) HTC followed by (ii) thermal treatment in a tubular fur-
nace, where all procedures were performed as indicated
previously.>® To start with, in order to produce a nanocomposite
with a nominal Fe/C ratio (w/w) of 23%, glucose (0.90 g) and [Fe
(NO3)3]-9H,0 (0.60 g) were added to 40 mL ultrapure water. The
solution was ultrasonicated for 15 min (model EW 08895-49;
Cole-Parmer®) and then the pH was measured at ~2.0. Then, the
solution was transferred to a Teflon®-lined stainless-steel auto-
clave (60-mL capacity), and heated up to 190 + 10 °C in a muffle
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furnace (model 7000; EDG Equipment) for 9 h. At the end of the
process, the reactor was naturally cooled down to room tempera-
ture, and the solid-liquid separation then was carried out through
centrifugation (Excelsa Il, model 206 BL; Fanem®) at 3200 rpm dur-
ing 10 min. The solid product was washed with ultrapure water
until the pH of the supernatant was ~5, and then oven-dried
(70 + 10 °CQ) for 24 h. The brown powder (MCN-GLU) obtained
was not magnetic. Next, the nonmagnetic nanocomposite was
subjected to thermal treatment using a tubular furnace (model
FTHI/20; EDG Equipment), under moderate N, flow at 500 °C with
heating rate of 10 °C min™" and residence time of 2 h. After cool-
ing under a N; environment, the sample was stored and given the
name of MCN-GLU-HT. The black powder obtained was magnetic.

Preparation of MCN from SB

Unlike the procedure described above for glucose, the prepara-
tion of MCN from SB was made in one step, by simultaneous car-
bonisation and magnetic phase formation. Dried bagasse was
weighed in a beaker (3.00 g) and then mixed with [Fe(NO3)3]-9H,0
(1.80 g) and 60 mL ultrapure water. The suspension was magnet-
ically stirred (model 752; Fisatom®) for 20 min and the pH was
measured at ~2.0. This suspension then was transferred into a
100-mL reactor (series 4598; Parr, Moline, IL, USA). The HTC was
conducted at 250 °C with a residence time of 6 h. The reaction
medium was stirred continuously at 160 rpm. At the end of the
process, the reactor was cooled down naturally and the solid
product was separated by filtration under reduced pressure. The
product was washed with ultrapure water until the pH of superna-
tant reached ~7 and then was oven-dried (model N1040; Tecnik)
at 70 = 10 °C for 24 h, resulting in a magnetic brown powder
which was denoted (MCN-SB). The dried solid product was macer-
ated, sifted and stored. For the purpose of comparison, a material
was produced by HTC, from SB, in the absence of iron (lll) nitrate,
under the same conditions described above, here referred to as
HC-SB.

Physicochemical characterisation of MCN

The composition of MCN was evaluated by thermogravimetric
analysis (TGA), carried out in STA equipment (449 F3; Netzsch)
from 30 to 800 °C, under an air flow of 50 mL min™" and with a
heating rate of 10°C min~'. The mass of the sample used
was =10 mg.

A structural analysis of inorganic phases was carried out by pow-
der X-Ray diffraction (XRD) analysis (model D8 Advanced; Bruker),
using Cu-K-a radiation (4 = 0.154 nm), generated at 40 mA and
40 kV over an angular range of 5°-85° (20) using steps of
0.02° 5. The phase was identified with the use of the X'Pert High-
score Plus software (Rigaku). For specifying iron-oxide structures,
Rietveld refinement was applied to these XRD data, using MAUD
(Material Analysis Using Diffraction) open-source software.

Magnetic measurements were made using a homemade vibrat-
ing sample magnetometer (VSM) at room temperature in an
applied magnetic field of +12 KOe (kiloersted). The electron para-
magnetic resonance spectrum (EPR) was measured at room tem-
perature using a Bruker EMXmicro apparatus. The instrument was
operated under the following conditions: microwave frequency
9.695 and 9.715 GHz; power 152.7 and 187.2 mW; phase modula-
tion 0° and 210°; conversion time 61 and 119 ms; number of scans
1and 2.

Attenuated total reflection Fourier transform infrared spectros-
copy (ATR-FTIR) was carried out to identify the functional groups
on the carbonaceous material, with the spectra being recorded

on spectrometers (model Vertex 70 V; Bruker) equipped with a
Platinum ATR accessory and (Spectrum Two UATR; Perkin Elmer)
equipped with diamond ATR module. Around 5-10 mg of dry
sample was placed in the ATR accessory. The spectra were
obtained in the mid-infrared region (400-4000 cm™") with resolu-
tion of 4 cm™" and 128 scans.

Nitrogen adsorption—desorption analyses were carried out with
a sorptometer (Belsorp mini Il; BEL Japan, Inc.). The samples were
outgassed at 105 °C for 14 h under a flow of N,. The specific sur-
face area (Sgey) was calculated using the Brunauer-Emmett-Teller
(BET) method. The total pore volume was calculated by the
Barrett-Joyner—Halenda (BJH) method.

The morphology of the samples was observed using scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). The SEM images were obtained using Quanta 450 FEG and
Inspec S50 microscopes, (FEI; Thermo Fisher Scientific). For this,
crushed and sifted samples were pulverised on C tape attached
to aluminium sample holders and coated with thin gold film, by
sputtering (ES QT150; Quorum Technologies, Lewes, UK). For the
TEM images, the sample powders were suspended in isopropanol
and dripped on a collodium-coated copper grid. For elemental
mapping, energy dispersive X-ray spectroscopy (EDS) was
recorded using an X-ray detector (model 150; Oxford Instruments,
Abingdon, UK) coupled to Quanta 450 FEG microscope.

Batch adsorption studies

The batch adsorption studies were performed using an adsor-
bent dosage of 0.5 g L™'. For kinetic experiments, the Cr
(V1) solutions (1.0 mg L™") were constantly shaken at 100 rpm
for different time intervals (0, 60, 120, 240, 420, 600 and
1440 min) using an orbital shaker. Adsorption isotherms were
obtained in the Cr (VI) concentration range from 0.3 to
1.1 mg L™ for 10 h. The pH of the suspension was previously
adjusted to 5.0 using HCl or NaOH solution (0.1 mol L™") The
amount of Cr (VI) removed by MCN samples (ug g~") was calcu-
lated based on Eqns (1) and (2):

(Co—Ce)*V

Qe = (1 )
m
R(%)=7(CO_E.Z)*1OO 2)

where Q. is the adsorption capacity of MCN; C, and C, are the ini-
tial and equilibrium concentration of Cr (VI) (mg L™"), respectively;
Vis the solution volume (mL); m is the adsorbent mass used; and
R (%) is the removal efficiency.

In order to verify the effect of contact time in the chromium
adsorption on the magnetic nanocomposites, the data were fitted
with nonlinear kinetic models: pseudo-first-order (PFO), pseudo-
second-order (PSO) and Elovich. In the same way, for evaluate
the effect of chromium concentration, the data were fitted to
the nonlinear models of Langmuir and Freundlich.

Determination of Cr (VI)

The standard (10.0 mg L™") and work (0.1-1.1 mg L™") solutions
were obtained by dilution of Cr (VI) stock solution
(1000.0 mg L™"; Specsol®) using ultrapure water. The content of
Cr (Vl) was established by using the colorimetric method
(3500-Cr.B),*® using 1,5-diphenylcarbazide 0.50% w/v in anhy-
drous ethanol and H,50, (1.20 mol L™"). The measurements were
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Figure 1. TGA curves of SB, nonmagnetic nanocomposite prepared from glucose (MCN-GLU), and magnetic nanocomposites prepared from SB (MCN-

SB) and glucose (MCN-GLU-HT). Source File: OriGIN Pro 8.5.

carried out using a UV-visible spectrophotometer (UV-2600;
Shimadzu®, Kyoto, Japan) at A = 540 nm.

RESULTS AND DISCUSSION

Characterisation of the MCNs

Compositional investigation

The TGA analyses (Fig. 1) were carried out in air, aiming to study
the thermal decomposition of the carbonaceous matrix and to
quantify the inorganic contents. It can be seen that TGA curves
contain two distinct weight-loss steps: (i) removal of adsorbed
water (30-150 °C) and (ii) combustion of carbonaceous matrix
(200-400 °C), with only the inorganic fraction at >500 °C remain-
ing. An exception was observed in the case of SB, in which the sec-
ond step finished only at 500 °C.

In the first step, the SB lost ~8.7% of its mass until 150 °C
(Table 1; Fig. 1). This thermal event could be attributed to the elim-
ination of adsorbed water on the lignocellulosic fibre. After HTC,
the water content in the materials decreased. For MCN-SB, we
clearly observed a weight loss of 2.9%, whereas for nonmagnetic
nanocomposite MCN-GLU the weight loss observed was 1.7%. In
the HTC process, a series of reactions occurs to convert the bio-
mass and monosaccharides into a C-rich solid,?” involving the
elimination of water (dehydration and condensation). MCN-GLU-
HT has shown the lowest water content (1.4%), probably due to
the more hydrophobic character of this sample, having been
heat-treated at 500 °C, thereby eliminating functional groups in
the C matrix (see FTIR spectrum in Fig. 3).

As the temperature increased (from 150 up to 400 °C), degrada-
tion of the more volatile organic fraction began. The TGA profile of
SB clearly showed its predominant organic composition, with

MCN-GLU-HT) as obtained from TGA analysis

Table 1. Moisture, carbonaceous content, residue and calculated iron content of iron oxide carbonaceous nanocomposites (MCN-SB, MCN-GLU and

Samples Moisture content® (%) Carbonaceous content® (%) TGA residue® (%) Iron content® (%)
SB 8.7 90.6 0.4° 0.0
MCN-SB 2.9 67.3 29.0 20.0
MCN-GLU 1.7 58.4 394 27.6
MCN-GLU-HT 14 51.2 48.0 34.0

@ measured as percentage of weight loss <150 °C;

b percentage of weight loss between 150 and 400 °C;

¢ obtained at 600 °C as Fe,O3 content for iron-oxide nanocomposites;
d Obtained from %Fe = %Fe,03/1.43;

€ Si0..
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Figure 3. FTIR spectra of MCN-GLU-HT, MCN-GLU, MCN-SB and raw SB. Source File: OrigiN Pro 8.5.

90.6% of organic content based on a lignocellulosic structure. The
main components of the lignocellulosic structure were thermally
degraded at different temperatures, with hemicellulose starting
at >200 °C, cellulose at >240 °C and lignin at >280 °C* (see
Table 1).

Looking at the nanocomposites, MCN-SB showed a sharp
weight loss (68.1%), starting at 205 °C, which suggests that the
carbonaceous matrix started to degrade at this temperature.
However, MCN-GLU and MCN-GLU-HT showed lower thermal
degradation (58.9% and 50.6%) in the range between 150 and
400 °C, which also started at higher temperatures (231 and
270 °C) than MCN-SB. The thermal stability of a material is related
to the temperature at which its thermal decomposition begins.

The heat treatment of MCN-GLU at 500 °C probably allowed the
creation of the first most graphitised domains, leading to an
increase in the temperature of decomposition of the carbona-
ceous fraction of this sample. However, analysing the TGA profile
of MCN-GLU, we can see that the degradation temperature of the
glucose composite (MCN-GLU) was far higher than that of the
composite from a lignocellulosic biomass (MCN-SB), even that
hydrothermally treated at 250 °C. From these results, one can
conclude that there was a difference in thermal stability of the dif-
ferent carbonaceous matrices, with MCN-SB < MCN-GLU < MCN-
GLU-HT. The mass stability after 400 °C suggests that the carbona-
ceous matrix was completely decomposed by oxidation in air and
the solid residual ashes were related to inorganic compounds (see
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Table 1), also suggesting that iron oxides remained encapsulated
in as prepared nanocomposites.'?

From TGA curves (Fig. 1), one can observe that MCN-GLU-HT
had a higher residue content (48.0%) than MCN-SB (29.0%) and
MCN-GLU (39.4%). In the case of MCN-GLU and MCN-GLU-HT,
these values could be assigned entirely for iron oxide phases,
especially a-Fe,0s, as only the hematite phase is stable at 600 °C*°
and also because of the intense red colour observed in the resi-
due, which is characteristic of hematite. For SB, the ash content
was more related to silicon oxide in biomass (~0.4%); as a conse-
quence of its low value, this will not be taken into account for the
calculation of the iron content in the nanocomposite prepared
using this biomass.

Iron content was calculated according to TGA residue values
(Table 1), whereas MCN-GLU-HT stood out with a higher Fe con-
tent (34.0%), whilst MCN-GLU (27.6%) and MCN-SB (20.0%)
showed lower values. Thus, it was verified that the actual iron con-
tents of MCN-SB and MCN-GLU were close to the nominal value of
the Fe:C mass ratio predicted in the experimental scheme. Fur-
thermore, the higher TGA residue obtained for MCN-GLU-HT sug-
gests that part of the carbonaceous matrix was being degraded
during thermal treatment at 500 °C, which helped to reduce the
organic fraction and indirectly increase the Fe:C mass ratio in
the nanocomposite, as other works have also reported.'

The HC-SB, MCN-SB, MCN-GLU and MCN-GLU-HT samples were
also characterised by XRD as shown in Fig. 2. The XRD patterns of
HC-SB and MCN-SB show two broad peaks with low intensity
centred at 15.4 and 22.2° (26) superimposed onto an amorphous
halo in the range of 10-30°. The two first peaks could be

attributed to cellulose present in the bagasse that was not
completely degraded.*® The amorphous halo is typical of structur-
ally poorly ordered carbonaceous material, compatible with the
presence of hydrothermal C.3' Additionally, in the XRD pattern
for HC-SB it was possible to observe some additional peaks at
26.5 and 49.9° (26), which could be indexed to the crystalline
phases of SiO, (ICSD no. 034925). This phase would have its origin
in the used raw materials.>

The XRD for the composites revealed some narrow and more
intense peaks, which are related to the inorganic phases. The
XRD pattern of MCN-GLU revealed diffraction peaks at 35.4°,
40.3°, 53.0°, 61.0° and 63.0° (26), as well as peaks at 18.2°, 45.7°
and 47.0° (26), characteristic of hematite (a-Fe,O5;, ICSD
no. 024791) and goethite (a-FeOOH, ICSD no. 28247) phases,
respectively.>®* However, in the XRD pattern of MCN-GLU-HT it
was possible to observe peaks attributed to the magnetite phase
(Fe304, ICSD no. 020596), which was probably related to heat
treatment at 500 °C under the inert atmosphere, thus creating
more favorable conditions for the reduction from Fe3* to Fe?*
took place. One surprising result was observed in the XRD pattern
for MCN-SB sample showing peaks that could be attributed to
Fes0,4 and/or y-Fe,03 (ICSD no. 87119) phases, justifying its mag-
netic response in front of a magnet. It is well worth mentioning
that the diffraction pattern of the magnetite and maghaemite
phases are very similar. However, the absence of some peaks at
low angles suggests the absence of the maghemite phase.>* We
will return to this discussion in the section on EPR Spectroscopy.

The Rietveld refinements of the XRD patterns showed that both
MCN-GLU-HT and MCN-SB have iron oxide nanoparticles with

0 o-Fe,0, -ICSD n° 024791

B a-FeOOH - ICSD n° 28247

# SiO, - 1CSD n° 034925 &
A Cellulose
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&
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Figure 2. XRD patterns for HC-SB, MCN-SB, MCN-GLU and MCN-GLU-HT, showing the identification of inorganic phases. Source File: OriGiN Pro 8.5.
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cubic symmetry and space group Fd 3m with lattice parameters
a =83771 A and a = 83767 A, respectively. Such a refinement
revealed goodness-of-fit (Sgor) between the parameters with
Scor hext to one. These results indicate a large amount of super-
paramagnetic nanoparticles (SPM) in the nanocomposites, where
the average particle size of MCN-GLU-HT (7.5 nm) and of MCN-SB
(9.5 nm) were smaller than the critical superparamagnetic diame-
ter of magnetite (20.0 nm).>*

The functional groups on the surface of the as-prepared nano-
composites (MCN-GLU, MCN-GLU-HT and MCN-SB) and SB were
identified using FTIR analysis (Fig. 3). In the FTIR spectrum of SB
it is possible to see a broad and intense band between 3600-
3000 cm™', assigned to stretching vibrations of O—H bonding
from cellulose, hemicellulose and lignin.*® Deformation of ali-
phatic C—H bonding from methylene groups (CH,) of chains
attached to cellulose and lignin residues,” also can be verified
as weak bands at 2919 and 2850 cm™'. However, MCN-SB and
MCN-GLU show low-intensity bands in these regions, which
denotes that dehydration reactions occurred to a great extent
during the HTC process.

The shoulder at 1697 cm™' confirms the presence of C=0
groups (—COOR or COOH) on the surface of MCN-SB, MCN-GLU
and MCN-GLU-HT, whereas the more intense band at 1584 cm™"
is known as stretching vibration of skeletal C=C in aromatic
rings,’? suggesting an increase of aromatic domains in these
materials, but particularly in the case of MCN-GLU-HT, corroborat-
ing the higher temperature of degradation as observed in TGA
analysis. The intense band between 1126 and 922 cm™', centred
on 1032 cm™" in the FTIR spectrum of SB, corresponds to C—O—C
stretching vibration of the cellulose chain and also to C—O and
C—OH stretching vibration of alcohol groups.'® As can be seen,
this band is also present in the spectrum for MCN-SB, suggesting
that part of the cellulose was not degraded during HTC of SB at
250 °C. Strong bands at 561 and 438 cm™' were observed in the
spectra of MCN-SB and MCN-GLU, corresponding to the Fe—O
stretching vibration, further confirming the incorporation of iron
oxides in the carbonaceous matrix,'®3® corroborating the TGA,
EDS and TEM results (Figs 1 and 4).

Thus, the FTIR technique allowed us to infer the main func-
tional groups present on the surface of nanocomposites. The
products from hydrothermal treatment (MCN-SB and MCN-
GLU) showed a surface containing a wider range of functional
groups, such as —OH, C—0O, (=0 and COOH groups. Regarding
the sample that was thermally treated (MCN-GLU-HT), great loss
of functional groups from its surface was verified, albeit present-
ing a more aromatic structure. It is important to highlight that
the existence of a carbonaceous layer is of great importance to
avoid the oxidation of iron oxide nanoparticles in the core of
the material, as well as having a key role in providing adsorption
sites for the material.

Textural and morphological evaluation of the nanocomposites
Details about the morphology of the magnetic nanocomposites
(MCN-GLU-HT and MCN-SB) were obtained by SEM [Fig. 4(a) and
(e)]. The SEM images of the nonmagnetic samples (HC-SB and
MCN-GLU) are shown in the Supporting information [Fig. S1
(a) and (b)].

Figure 4(a) shows the SEM image of the MCN-GLU-HT sample
revealing micrometric particles of spherical morphology charac-
teristic of the hydrothermal carbonisation of glucose. It is already
well-known that micrometric spherical particles are produced
from HTC of carbohydrates>® The elemental mapping

Figure 4. MCN-GLU-HT: (a) SEM image; elemental maps containing,
(b) carbon (green) and (c) iron distribution (red); (d) TEM image. MCN-SB:
(e) SEM image with inset showing microspherical particles; (f) elemental
maps containing carbon (green) and (g) iron distribution (red); and
(h) TEM image with inset showing a typical oxide iron nanoparticle (aver-
age diameter 9.7 nm). Source File: Aztec (Oxford).

represented in Fig. 4(b) and (c) shows a uniform distribution of
iron throughout the carbonaceous matrix, suggesting an effi-
ciency of the synthesis method in the encapsulation of the inor-
ganic phase in the carbonaceous matrix. It is possible to observe
some adhered nanoparticles on the surface of the microparticles
in the SEM images. The TEM image [Fig. 4(d)] shows nanoparticles
embedded in the carbonaceous matrix of the MCN-GLU-HT sam-
ples, revealed by the presence of dark spots with light external
regions, thus configuring the encapsulation of Fe3;0,4 nanoparti-
cles, with an average diameter of 10 nm in this nanocomposite. The
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effectiveness of the HTC method for production of C
spheres embedded with iron oxide nanoparticles from glucose and
metallic salts has been reported previously in the literature >*>*° How-
ever, the system cannot be defined as a core-shell, given that we do
not have a single particle (core) coated with C (shell) but instead an
agglomerate of particles (Fe30,) covered by layers of C.

Figure 4(e) shows a SEM image of the MCN-SB composite where
it is possible to observe particles with the morphology of plates
containing irregular agglomerates made up of nanoparticles on
the surface. The morphologies described here are similar to those
observed by other authors who prepared samples of magnetic C
using iron(lll) nitrate and cellulose, but using the pyrolysis
method.'®*" The similarities between the morphologies observed
for the MCN-SB and HC-SB sampiles [Fig. S1(a)] and the discrepan-
cies between MCN-SB in relation to the MCN-GLU [Fig. S1(b)] and
MCN-GLU-HT samples [Fig. 4(a)] probably are a result of the partial
carbonisation suffered by SB at 250 °C during HTC. In this process,
the biomass fractions that have greater thermal stability (cellulose
and lignin) still remain as residues in the hydrothermal C
composition,®® which is corroborated by the XRD data, which indi-
cated the presence of an amorphous phase in the material, asso-
ciated with cellulose. The EDS spectra [Fig. 4(f) and (g)] indicated
the presence of the basic elements for the formation of the MCN-
SB composite, which are Fe and C. The TEM image of MCN-SB
[Fig. 4(h)] shows nanoparticles with iron oxide cores coated with
C layers with average diameters close to 9.7 nm, resembling those
obtained for the MCN-GLU-HT composite. The TEM images cor-
roborate to the results obtained from the Rietveld refinements
of the XRD patterns.

The textural properties of carbonaceous nanomaterials were
investigated using the N, adsorption-desorption isotherms
(Fig. 5). It can be seen that MCN-GLU-HT shows the type IV iso-
therm, characteristic of mesoporous solids, as defined by IUPAC
classification,** with higher N, adsorption than MCN-SB. This
result could be due to the thermal treatment that promoted

chemical reactions producing gases such as CO/CO,/CH, and
leading to development of porosity.”> However, MCN-SB is a
material that was just carbonised, showing a type lll isotherm. This
profile is typical of nonporous solid, characteristic of carbona-
ceous products prepared via hydrothermal carbonisation,” where
in this case N, molecules stay close to more favourable sites rather
than diffusing into the material. In addition, as reported in Table 2,
the MCN-GLU-HT sample showed higher specific surface area
(90 m? g~") than MCN-SB (53 m? g™"), a fact also consistent with
the higher N, volume adsorbed on MCN-GLU-HT (Fig. 5).

The measure of the zeta potential of a sample is essential to
check the surface charge of the particles when dispersed in aque-
ous solution, because this property can influence the interaction
between adsorbent and adsorbate.**** From Table 2, it can be
observed that both produced MCN have negatively charged sur-
faced, of —34.8 mV for MCN-GLU-HT and —34.1 mV for MCN-SB
at pH of 5.0. These results suggest the presence of acidic groups
on the surface of these materials such as phenyl, carbonyl and car-
boxyl, as identified in FTIR analysis (Fig. 3). According to what has
been discussed in the literature about the interaction between Cr
(V) and magnetic nanocomposites, some active groups such as
unsaturated C=C double bonds and hydroxyl C—OH can act as
electron donors, contributing for the reduction of Cr (VI) to Cr
(I)."® Corroborating with this statement, both species were found
on the surface of these materials by XPS analysis, which suggests
that Cr (VI) removal process takes place through adsorption-
reduction.''® In this way, the positive specie [Cr (lll)] can interact
easily with a material that has a negatively charged surface, thus
favouring Cr(VI) removal from the solution.

Magnetic measurement and identification of the iron oxide

phases

The magnetic properties of the nanocomposites were evaluated
by VSM measurements of at room temperature (Fig. 6). The
MCN-GLU sample does not present a hysteresis curve, possibly

350
300
A —a— MCN-SB ads
250 4 —o3— MCN-SB des
] - - MCN-GLU-HT ads
5 - 0- MCN-GLU-HT des

3 1
N, Adsorbed Volume (cm'g ")

Relative Pressure (P/P )

Figure 5. N, adsorption-desorption isotherms obtained for MCN-SB and MCN-GLU-HT at —196 °C. Source File: OriGiN Pro 8.5.
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nanocomposites

Table 2. Textural properties obtained from N, adsorption-desorption isotherms and zeta potential measurements for the magnetic

Samples Sger (M? g™ 1)? Total pore volume (cm® g~")° Zeta potential (mV)
MCN-SB 53 0.108 —-34.1
MCN-GLU-HT 20 0.447 —34.8

2 Specific surface area was calculated by BET method (p/p, = 0.99).
P Calculated by BJH method.

30
20
10 -
o 1
s 0
£
S !
= 104
—a— MCN-SB
| —AaA— MCN-GLU
-20 —e— MCN-GLU-HT
=30 -
T T v T T 1 v T v T v
-15 -10 -5 0 5 10 15
H (KOe)

Figure 6. Magnetisation curves of the prepared MCNs at room temperature. Insets show MCN-SB dispersed in ultrapure water (a) in the absence and

(b) in the presence of a magnetic field. Source File: OriGiN Pro 8.5.

due to the diamagnetic contribution of the C layers, in addition to
the paramagnetic behaviour of the hematite and the antiferromag-
netic properties of the goethite.3* As a result, linear magnetisation
with the applied magnetic field is obtained. The magnetisation
curves of the MCN-SB and MCN-GLU-HT nanocomposites show nar-
row hysteresis, with low values of coercive fields (Fig. 6). In the sam-
ple of MCN-GLU-HT, a maximum magnetisation of 30.5 emu g~ was
obtained, without saturation in magnetisation. This is the result of a
strong contribution made by superparamagnetic particles, as the
critical SPM size (dspp) for magnetite is ~10 nm. Therefore, most of
the particles in this sample are below this size, as shown by the Riet-
veld refinement result. However, due to particle size distribution,
there are magnetic particles in the MCN-GLU-HT sample that are
larger than dspy, where they are in the blocked magnetic state, con-
tributing to the presence of a coercive field.

In the MCN-SB sample, the nanoparticles are in the magnetically
stable single-domain, with little contribution from the SPM parti-
cles, and here we observed a sample saturation in a low external
field (Hsae = 2.5 KOe). However, the saturation magnetisation
value (M; = 5.0 emu g~ ') was lower due to the large amount of
nonmagnetic hydrothermal C present in this composite. It also is
worth commenting that magnetite has high magnetic susceptibil-
ity, meaning a quick response to an external magnetic field, an

important characteristic for adsorption applications where the
solid-liquid separation from the aqueous medium can be carried
out magnetically.

These results show that hydrothermal synthesis was able to pro-
duce magnetic iron phase nanoparticles in the presence of SB,
which remained ingrained in the carbonaceous matrix of nano-
composites, as confirmed by EDS and XRD analysis [Figs 2 and 4
(9)]. Meanwhile, in the case of glucose, it was necessary to submit
the hydrothermal material (MCN-GLU) to thermal treatment, so
that magnetisation could be achieved.

Electronic paramagnetic resonance spectroscopy, a very sensi-
tive tool for the study of iron oxide nanoparticles,*> was carried
out at room temperature to optimise the distinction of the mag-
netic phases present in the MCNs. Figure S2(a),(b) shows asym-
metric resonance lines for the MCN-GLU-HT and MCN-SB
samples, probably due to more than one pattern of magnetic
behaviour. XRD results have already shown the predominance
of the Fe;0, crystalline phase and the magnetic measurements
showed magnetic properties in nanoparticles with a magnetic sin-
gle domain. Therefore, the EPR spectra obtained must result from
more than one magnetic contribution.

In order to interpret the EPR spectra, it was necessary to perform
a deconvolution process; for this, Lorentzian functions were used
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Table 3. Parameters of EPR spectra obtained by deconvolution with Lorentzian functions

Sample Lorentzian AH,, (G) H, (G) g factor % SPM %BP

MCN-SB 1 1540 2885 240 — 70
2 1010 3356 1.94 30 —

MCN-GLU-HT 1 1330 3016 230 — 13
2 936 3400 2.04 87 —

AHpy, peak-to-peak line width; H,, resonance field; g, gyromagnetic factor; SPM, superparamagnetic particles; BP, blocked particles.

to adjust the spectra of these samples. Table 3 shows these results
and the variation of the magnetic field referring to the peak-to-
peak line width (AH,p), the resonance field (H,), the g factor, and
the percentage of superparamagnetic and blocked particles. For
noninteracting SPM particles of magnetite, a factor of g = 2 is
expected, and therefore, for a microwave frequency v = 9.7 GHz,
the expected value of resonance field H,es is 3450 G (H,es = hv/
peg, where h is the Planck constant and p is the Bohr magnet).

In the MCN-GLU-HT sample, H,es = 3400 G, a factor g = 2.04 and
a line width from peak to peak AH,, = 936 G were obtained. The
values of H,es and g obtained are very close to that expected for
superparamagnetic particles of magnetite. The high AH,, value
indicated a strong magnetic interaction between these SPM par-
ticles, which resulted in the H. = 170 Oe value on the M x H curve.
The obtained parameters also show the predominance of SPM
particles in this sample, 87%.

In the MCN-SB sample, the obtained parameters with the adjust-
ment for Lorentzian 1 were H,, = 2885 G, g = 240 and
AHp, = 1540 G. The value particle size of 9.5 nm (obtained from
Rietveld Refinement) in this MCN is smaller than the SPM diame-
ter for Fe30, particles. When the particles are in a magnetically
blocked state, the resonance field decreases and the g value
increases, mainly due to magnetocrystalline anisotropy. The reso-
nance field predicted for single-domain spherical particles with
cubic structure is Hes = hv/ppg - 2|K;|/Ms, where Kj is the magne-
tocrystalline anisotropy constant and Ms is the saturation magneti-
sation.*® From this equation, the value of |[K;| = 13 x 10* erg cm™®
was calculated, using Ms = 460 emu cm™ for bulk magnetite.*”
The obtained value of the anisotropy constant, for room tempera-
ture, agreed with the value predicted in the literature for magnetite
with cubic symmetry.*® In this MCN-SB sample, the magnetically
stable (blocked) single-domain particles predominate, at ~70%,
which is different to the MCN-GLU-HT sample, where there is a
prevalence of SPM particles. The EPR result for the MCN-SB sample
is characterisitic for the non-uniform particle size distribution, cor-
roborating with the VSM measurement (Fig. 6).

Characterization of the magnetic nanocomposites as
adsorbents

The nanocomposites that exhibited magnetic behaviour (MCN-SB
and MCN-GLU-HT) were employed in batch adsorption studies,
aiming to characterise these materials as adsorbent. For this
study, Cr (VI) was chosen as adsorbate, because recently some
works with magnetic composites'®'"'>'6 have used this chemical
species to evaluate the adsorbent property of these materials.
Here, the batch experiments included a study of the contact time
of each material with Cr (VI) solution and a study of the effect of
the Cr (VI) concentration used. The effect of contact time on chro-
mium adsorption was estimated by using a 30 mL solution

containing 1000 pg L™ Cr (VI), with an initial pH of 5.0, adsorbent
dosage of 0.5 g L™ and contact time ranging from 1 to 24 h.

The Cr (V) removal profiles are very similar for both materials,
where a fast initial Cr (VI) removal occurred, as can be seen in Figs 7
and S3, which was most prominently for MCN-GLU-HT (35%).
Then, the Cr (VI) removal slowed down until 10 h, when a Cr
(VI) removal of ~#60% and 21%, corresponding to the values of
1024 and 388 pg g~ ', respectively, were achieved for MCN-GLU-
HT and MCN-SB. Between 10 and 24 h, additional Cr
(VI) removals of 10% and 17% were obtained (respectively) for
MCN-GLU-HT and MCN-SB. So, after 24 h, the Cr (VI) removal
reached ~738 pg g~' for MCN-SB and 1199 pg g~' for MCN-
GLU-HT, corresponding to Cr (VI) removal of 39% and 70%,
respectively (Fig. S3).

The higher Cr (VI) removal values obtained for MCN-GLU-HT
resulted from the higher surface area shown by this magnetic
nanocomposite in relation to MCN-SB (Table 2). In the same way,
the surface area had a strong effect on the Cr (VI) removal perfor-
mance of an MCN produced from cellulose, when conducted in
neutral solution, as more adsorption sites were available for inter-
acting with Cr (VI) ions.' In this case, the sample that exhibited
the highest surface area (247.14 m? g™'), also showed the highest
Cr (VI) removal value (22.8 mg g~'), whereas the opposite was
observed for those with the smallest surface area (82.94 m? g™"),
that showed the lowest Cr (VI) removal value (10.2 mg g™").

In order to evaluate the experimental kinetic data obtained
from Cr (VI) batch adsorption, three kinetic models were chosen:
PFO, PSO and Elovich. The nonlinear equations of these kinetic
models are given in Table S1. The obtained kinetic parameters
values are shown in Table 4. The PFO model describes that the
adsorption rate is dependent only on the solid/liquid interface,
whereas the PSO model assumes that the adsorption rate is
mass-dependent and that the chemical sorption is a rate-limiting
step.”® The Elovich model, in turn, is an empirical equation that
also takes into account the contribution of desorption.2*

According to the correlation coefficients (R%) obtained from the
kinetic data adjustment, the PSO model (0.7574 and 0.9938)
describes the kinetic results more adequately than the PFO model
(0.7445 and 0.8747) or Elovich model (0.7533 and 0.9904) for
MCN-SB and MCN-GLU-HT, respectively [Table 4; Fig. S4(a) and
(b)I. In addition, experimental g, values obtained after 24 h of
kinetics (MCN-SB: 737.86 pg g~', MCN-GLU-HT: 1199.36 pg g~ ")
were closer to the calculated g, values obtained using the PSO
model (MCN-SB: 665 pg g~', MCN-GLU-HT: 1180 pg g™ '), than
those obtained based on the PFO model (MCN-SB: 479 pg g~',
MCN-GLU-HT: 817 pg g™ "), which implies that chemical sorption
might play a key role in the process and is likely to be a rate-
limiting step of the removal of Cr (VI) from water for both MCNs.
Cai et al. (2019) reported that Cr (VI) adsorption rates on amino-
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Figure 7. Cr (VI) amount in solution with increasing contact time using MCN-SB and MCN-GLU-HT. Adsorption conditions: [Cr (VI)]: 1000 pg L~": times:
1,2,4,7,10 and 24 h; pH 5.0; adsorbent dosage 0.5 mg L™"; volume 30 mL (n = 3, mean values). Source File: OriaiN Pro 8.5.

Table 4. Kinetic parameters calculated using PFO, PSO and Elovich models for Cr (VI) removal using MCN-SB and MCN-GLU-HT

Model Sample Kinetic parameters

Experimental data Gr24” (Rg g7
MCN-SB 738
MCN-GLU-HT 1199

PFO ky (min™") e (g g™ R?
MCN-SB 0.0608 479 0.7445
MCN-GLU-HT 0.1636 817 0.8747

PSO kz (g mg™" min™") 9 (hg 97" R?
MCN-SB 136 x 107 665 0.7574
MCN-GLU-HT 404 x 107 1180 0.9938

Elovich a(mgg'h™) flgmg™) R2
MCN-SB 0.3099 6.31 0.7533
MCN-GLU-HT 3.8631 5.23 0.9904

? g, after 24 h.

functionalised magnetic biochar obtained from peanut hulls also
was controlled by chemical interactions, in which the y-Fe,O3
phase over an adsorbent surface hindered Cr (V1) ion diffusion
to the biochar, thereby contributing to a slower adsorption rate
(k2:0.20 x 1072 g mg™" min™") compared with nonmagnetic bio-
char (ky: 1.13 x 1073 g mg™" min™"). The chemical interaction can
take place by sharing or exchanging electrons between some
active groups ((=C and C—OH) from the magnetic C adsorbent
surface and CrO,~ and Cr,0,%~ ions present in solution.'® Also
according to this study, y-Fe,05 contributed to Cr (VI) removal,
through the mechanism of electrostatic interaction, because the
iron oxide has a positive charge at low pH.

The effect of initial Cr (VI) concentration (C;) on the Cr
(VI) uptake by magnetic nanocomposites also was analysed, using

initial Cr (VI) concentrations ranging from 300 to 1100 pg L™,
which remained in contact with 0.5 g L™" of each material over a
period of 10 h. From Fig. 8, we see that, as Cy concentration
increases, there is a steep increase in Cr (VI) uptake, which can
be attributed to a greater mass transfer driving force at higher
Co° reaching 939 pg g~ for MCN-GLU-HT and 768 pg g™ for
MCN-SB in the higher Cr (VI) concentration used. These adsorp-
tion capacities are of the same order as those reported for other
magnetic carbonaceous materials.'>>" The adsorption limit could
be associated to a limited number of adsorption sites on nano-
composite surfaces, reaching saturation and limiting the Cr
(VI) removal by these materials.

In order to explore the Cr (VI) adsorption behaviour for each
adsorbent, we used two nonlinear isotherm models (Langmuir
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Figure 8. Adsorption isotherms using MCN-SB and MCN-GLU-HT as adsorbents. Adsorption conditions: [Cr (VI)]: 300, 500, 700, 900 and 1100 pg L™";
adsorbent dosage 0.5 g L~"; volume 30 mL; pH 5.0; equilibrium time 10 h (n = 3, mean values). Source File: OriGIN Pro 8.5.

Table 5. Isotherm parameters obtained from Cr (VI) removal experimental data using MCN-SB and MCN-SB-HT adjusted to Langmuir and Freundlich

models

Model Sample Isotherm parameters

Langmuir Qmax (Mg g™ Ko(Lg™ R?
MCN-SB n.a. na. 0.3887
MCN-GLU-HT 0.92 0.026 0.9488

Freundlich Ke (mg g )(mg L™H)™'" ne R?
MCN-SB 1.94 1.21 0.8909
MCN-GLU-HT 10.81 4.78 0.9006

n.a., not applicable.

and Freundlich) to fit the experimental data of equilibrium
adsorption [Fig. S5(a) and (b)]. The nonlinear equations of these
isotherm models are provided in Table S2. The Langmuir model
assumes that the adsorbent contains definite identical binding
sites, homogeneously distributed on the surface, where the
uptake of adsorbate is controlled by chemical adsorption, limited
by a monolayer coverage.”® The Freundlich model, however, is
more suitable for multilayer adsorption process and heteroge-
neous surfaces, with nonuniform distribution of adsorption
energy.'®

The Langmuir model (R* = 0.9488) was more suitable for the
assessment of Cr (V1) adsorption on MCN-GLU-HT than the Freun-
dlich model (R* = 0.9006), as indicated in Table 5 and Fig. S5
(a) and (b). However, the Cr (V1) adsorption on MCN-SB seemingly
was better explained by the Freundlich (R? = 0.8909) rather than
the Langmuir model (R*> = 0.3887). This difference in behaviour
patterns could be related to the higher heterogeneity of the
MCN-SB surface, due to fragments of cellulose and lignin that
remained in the structure even after hydrothermal carbonisation,

as indicated by higher carbonaceous content and abundance of
functional groups, as shown by TGA and FTIR (Table 1, Fig. 3).

According to the Langmuir model, MCN-GLU-HT showed a max-
imum Cr (V1) removal capacity (Qmax) of 0.92 mg g_1 at room tem-
perature. Turning now to MCN-SB, it was not possible to
determine the maximum removal capacity, as the Freundlich
model does not provide that kind of information. However, this
model has two parameters, K and ng, which are, in turn, indirectly
related to adsorption capacity and intensity, incorporating all fac-
tors affecting the adsorption process.”® According to this model,
the higher the K values, the greater the adsorption capacity.
Moreover, it is possible to establish if the adsorption process is
favourable (1/ng < 1.0) or not (1/ng > 1.0). For MCN-SB, it was
shown that Cr (VI) adsorption process is favourable (1/ng = 0.83),
indicating a greater affinity of Cr (VI) with MCN-SB.

The chromium removal capacities obtained in this study were
compared with those obtained with other magnetic nanocompo-
sites,'011151619545556 55 can be seen in Table 6. Magnetic Cs pre-
pared via pyrolysis have high removal capacities, mainly due to
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Table 6. Comparison of Cr (VI) amount removed in kinetic experiments using magnetic Cs and its proposed removal mechanisms
Cr (VI) amount removed (mg g’]) and experimental Proposed mechanism
Magnetic adsorbent conditions of Cr (VI) removal References
Magnetic C from cellulose 278.8 {[Cr(VI)]: 2000 mg L™", t = 30 min, dose Reduction 10
25gL7", pH 2.0}
Melamine-derived N-doped 7.5{[Cr(V)] 40 mg L™", t = 2.5 min, dose 2.5 g L™, Reduction and Adsorption "
magnetic C pH 7.0}
Activated sludge-derived magnetic ~ 203.0 {[Cr(VI)] 1000 mg L™, t=10 min,dose 1.0 g L™',  Reduction 15
C pH 3.0}
Peanut hull-derived magnetic 97.9{[Cr(V)] 100 mg L™, t =24 h,dose 1.0 g L™, pH  Redox reaction and electrostatic 16
biochar 2.0} attraction
Magnetic activated C from termite ~ 49.0 {[Cr(V)] 125 mgL™",t =4 h,dose 25gL™", Adsorption-reduction process 19
faeces pH 4.0}
Nanomodified SB 0.27{[Cr(V)] 100 mg L', t=2.5 h,dose 100 g L™",pH  Not determined 55
1.0}
Fe;0,/GO? 6.0{[Cr(V)]5mg L™, t=1h,dose0.15g L', pH2.0} nd. 56
SB-derived magnetic C (MCN-SB) 0.74{[Cr(V)] 1 mg L™", t =24 h,dose 0.5 g L™, nd. This study
pH 5.0}
Glucose-derived magnetic C 1.20 {[Cr(V)] 1 mg L', t =24 h, dose 0.5 g L, nd. This study
(MCN-GLU-HT) pH 5.0}
Data obtained from the literature.
? GO, graphene oxide.? n.d., not determined

the large surface area, as reported for magnetic Cs from cellu-
lose' (go =278.8mg g~", Sger = 136.3 m? g '), activated-sludge'”
(e = 203.0 mg g7, Sger = 1142 m? g7"), termite feces'
(Ge = 49.0 mg g7, Sger = 699.0 m? g~') and melamine
(e = 7.5 mg g7, Sger = 56.2 m? g~). Nevertheless, the pH of
the solution also is an important factor in chromium removal,
because magnetic Cs are able to remove more Cr (VI) under acidic
conditions than neutral conditions, as observed in several previ-
ous works.'%113

In fact, when the removal of Cr (VI) by a magnetic C obtained by
hydrothermal method, from peanut hulls'® (MPC-HDA), is com-
pared with the results obtained in this work for magnetic Cs pro-
duced by the same method from SB (MCN-SB) or of glucose (MCN-
GLU-HT), it was verified that despite the similar values of surface
area, the removal occurred more significantly for MPC-HDA,
applied at pH 2.0 (ge = 97.9 mg g™, Sger = 62.4 m? g~) than for
MCN-SB (ge = 0.7 mg g™, Sger = 53.0 m? g~') or MCN-GLU-HT
(ge=1.2mg g™ "; Sger = 90.0 m? g ™), both applied at pH 5.0. How-
ever, magnetic Cs obtained from the chemical coprecipitation
method have Cr (VI) removal capacities closer to the materials
produced in this work, such as Fe;O,-nanomodified SB>®
(0.3 mg g~") and magnetic graphene oxide®® (6.0 mg g™'), even
though the material was applied in acidic media, respectively at
pH 1.0 and 2.0.

CONCLUSION

In this work, HTC was used to produce MCNs appropriate for Cr
(VI) removal, using SB as a source of C (MCN-SB). This material
showed good magnetic response, due to the magnetite nanopar-
ticles incorporated by the carbonaceous matrix of the nanocom-
posite. In addition, its carbonaceous structure has an abundance
of oxygenated functional groups. However, the use of glucose in
the HTC instead of SB, resulted in a nonmagnetic nanocomposite

(MCN-GLU), requiring heat treatment to achieve magnetisation
(MCN-GLU-HT). EPR revealed that the majority of magnetite
nanoparticles in the MCN-GLU-HT are superparamagnetic,
whereas for MCN-SB, most of these nanoparticles are in the mag-
netically blocked state which, along with the higher iron content
of MCN-GLU-HT, is responsible for its higher saturation magneti-
sation. Batch adsorption experiments showed that MCN-GLU-HT
achieved a greater Cr (VI) removal after 24 h
(Ge2a = 1199 pg g~") than MCN-SB (g4 = 738 pg g~ '), owing to
its mesoporous surface and higher specific surface area
(Sger = 90.1 m? g™') when compared to MCN-SB, which has a non-
porous surface and a Sger of 52.6 m? g™, The kinetic data of the
adsorption fitted well with PSO kinetics for both MCNs, suggest-
ing the contribution of chemical sorption in the process. The
adsorption isotherm fitted better with the Langmuir model for
MCN-GLU-HT, whereas the Freundlich model was more appropri-
ate to describe this process for MCN-SB, owing to its heterogene-
ity. Therefore, findings suggest that is possible to use SB as a
resource for obtain a new magnetic carbonaceous adsorbent for
Cr (VI) removal, using a mild one-step hydrothermal method,
which ensures greater simplicity and efficiency in the use of bio-
mass for the production of these nanocomposites.
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