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A B S T R A C T

This study aimed to produce an industrial waste-based novel magnetic nanocomposite (Fe@GPHC) by a facile
and one-step hydrothermal carbonization (HTC) method. In order to characterize of Fe@GPHC, X-ray fluores-
cence spectroscopy (XRF), Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX), X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), Brunauer-Emmett-Teller (BET),
Vibrating-sample magnetometer (VSM), and elemental (ultimate) analyses were applied. Characterization re-
sults showed that during the HTC process, the Fe nanoparticles (FeNPs) were successfully incorporated on
biowaste matrix. In addition, the Fe@GPHC was used to test its adsorptive property. For this, methylene blue
(MB) and methyl orange (MO) were selected as a simulated pollutant. A batch method was used to perform the
adsorption experiments. The maximum adsorption capacity of Fe@GPHC was 11mg g−1 and 8.9mg g−1 for MB
and MO, respectively. This study provides a feasible and simple approach to design and synthesis of high-
performance functional magnetic material in a cost-effective way.

1. Introduction

HTC as an effective technically-attractive thermochemical process
for conversion of raw material to functional carbonaceous materials has
gained significant attention in recent years (Zhang et al., 2018a; Gao
et al., 2016). It was firstly discovered in 1913 by Bergius, and has been

re-discovered and further developed under the direction of Antonietti
(Wang et al., 2018a; Oliveira et al., 2013). In comparison to the tra-
ditional thermochemical conversion technologies (gasification, direct
liquefaction, pyrolysis, etc.), HTC is operated at moderate temperatures
(120–280 °C) with self-generated system pressures. Furthermore, op-
eration demands of HTC are relatively low, which is able to use wet or
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green biomass without any pre-dying procedure. During HTC, sub-
critical water plays different roles such as a solvent, a reactant, and
even a catalyst or catalyst precursor that helps catalyze hydrolysis and
fragment of biomacromolecules. Many series of complex reaction per-
iods seem, such as hydrolysis, dehydration, decarboxylation, ar-
omatization, polymerization, and re-condensation (Wu et al., 2017;
Funke and Ziegler, 2010).

Over the last few years, the use of magnetic nano- and micro-
particles in several areas, including biomedical, biosensing, energy
storage, environmental remediation, photocatalysis, and non-
destructive testing has been one of the hottest topic (Reza et al., 2015).
In particular, the synthesis of multifunctional magnetic composites
(MMCs) with lignocellulosic matrix attracts attention due to its low
cost, easy separation and eco-friendly. Various synthesizing procedures,
such as chemical vapor condensation, spray pyrolysis, pulsed laser de-
position, arc-discharge, radio frequency plasma, and microwave
heating have been extensively tested. However, all these techniques
require high energy and power density, temperature and vacuum en-
vironment, which generally lead to complicated operation process, high
costs, and difficulty in the practical applications. Consequently, devel-
oping new synthesis strategies and subsequently characterizing MMCs
are effectively explored (Ma et al., 2017).

Iron oxides (IOs) are generally known magnetite (Fe3O4), maghe-
mite (γ-Fe2O3), hematite (α-Fe2O3) and goethite (FeO(OH)). Among the
above mentioned IOs, only magnetite and maghemite display magnetic
character. The presence of IOs in material structure gives an additional
stability, contributes sustainability and allows for repeated use.
Furthermore, since these magnetic nanoparticles have advantages such
as low cost, lack of internal diffusion resistance and high surface/vo-
lume ratio, they provide ease of use in many areas such as environment,
medicine, biomedical and chemical engineering (Samuel et al., 2018).

Grape (Vitis vinifera L.) is one of the most important conventional
fruits in the world (García-Lomillo and González-SanJosé, 2017). Be-
sides being consumed as raw, it is also used in the production of pro-
ducts such as wine, jam, juice, jelly, raisin, vinegar and seed oil (Beres
et al., 2017). During the grape processing, solid waste known as grape
pulp (GP) is obtained after extracting the juice, and after fermentation
and pressing (Muhlack et al., 2018). It has a rather complex structure
which consists of seed, fruit flesh part, stalk, and skin. In every year, a
global grape production of 67Mt leads to the generation of 5Mt of fresh
grape pulp (Corbin et al., 2015). In the world, a large part of GP has
been not evaluated, and they cause to environmental and visual pol-
lution, or it is used as mixing of it to the soil as fertilizer and animal
feed. However, this utilization is not advised due to the high fibrousness
and low digestibility of the residue. For this reason, alternative as-
sessment methods are needed to prevent and minimize the accumula-
tion of GP in the environment. The elimination and disposal of GP mean
a large economic and environmental challenge for the industry
(Demiral and Güngör, 2016).

So far, there are some research studies applying HTC technique to
obtain hydrochar materials in which GP was utilized as feedstock.
These studies focus on the effect of process conditions and feedstock
type for the physicochemical properties of hydrochar (Duman et al.,
2018; Zhang et al., 2018b; Petrović et al., 2016; Pala et al., 2014). To
the best of my knowledge, no synchronous work has ever been per-
formed focusing on the magnetic nanocomposite production and the
investigation its environmental performance prepared by HTC of GP.

Hence, the major purpose of this work was to (i) produce Fe na-
noparticles immobilized hydrochar nanocomposite from GP by a green
and facile one-pot HTC process, (ii) to characterize in terms of ele-
mental composition, morphological properties, crystallinity, surface
chemistry, porosity, and magnetization by various techniques, such as
ultimate, XRF, SEM-EDX, XRD, FT-IR, BET, and VSM, respectively and
(iii) to investigate the potential usability in environmental application.
For this purpose, two common model dyes methylene blue (MB) and
methyl orange (MO) were chosen to evaluate its adsorption

performance.

2. Experimental section

2.1. Reagents and chemicals used in the experiments

All reagents and chemicals used in this research were of analytical
purity. For the preparation of solutions ultrapure water was utilized
(18.2 MΩ) (arium® comfort II, Sartorius Co., Germany) during the
study. Iron (III) chloride (FeCl3), Methylene Blue hydrate
(C16H18ClN3S·xH2O), Methyl orange (C14H14N3NaO3S) and ethanol
(C2H5OH) were supplied by Sigma-Aldrich Co. and used as received. As
a feedstock for the magnetic hydrochar composite material, Vitis vini-
fera L. pulp was collected from a local fruit juice and wine factory in the
Republic of Turkey. The pulp samples were washed using ultrapure
water, followed by oven-drying (323 K/24 h), milling, and sieving
(< 0.2 mm).

2.2. Preparation of Fe nanoparticles immobilized hydrochar composite

Fe/hydrochar composite was produced with a facile one-pot hy-
drothermal method (Gai et al., 2017). In a typical procedure, 10 g of
powdered GP was added to 50mL of iron (III) chloride solution (0.5M)
and homogeneously mixed (100 rpm/15min) with a magnetic stirrer at
room temperature. The resultant mixture was transferred into a 100mL
Teflon-lined stainless-steel autoclave (FYTRONIX, FY-HYD100, Turkey)
and sealed immediately. The autoclave was heated to 200 °C for 1 h and
then naturally cooled to room temperature. The black solid was sepa-
rated from the solution by vacuum filtering and dried in an oven at
105 °C for 12 h. After that, the sample was calcined in a Protherm
tubular furnace (Protherm, PZF 12/105/750) equipped with horizontal
stainless-steel tubular reactor (7.0 cm diameter× 100 cm length) at
600 °C for 1 h under nitrogen (N2) atmosphere. The system was cooled
down to room temperature. The resultant magnetic composite material
was washed several times with ethanol and distilled water and dried at
60 °C for 5 h. Here, the obtained sample is named as Fe@GPHC. The
schematic diagram of the preparation processes of Fe@GPHC was
shown in Supplementary material.

2.3. Instrumental characterization

The ultimate analysis was measured by using a CHN S 628 ele-
mental analyzer (LECO, UK) for the quantification of C, H, N, S, and O
content. The relative amount of iron of the Fe@GPHC was verified by
Delta TA Premium XRF device (Olympus, Japan). The magnetic beha-
vior of Fe@GPHC was determined using VSM (7404, Lake Shore
Cryotronics, USA) instrument at room temperature. Specific surface
area and porosity characteristics were conducted with BET method
using Tri Star 3000 (Micromeritics, USA) nitrogen adsorption analyzer
at 77 K. To explore the crystal structure of the samples, the XRD pat-
terns were taken on D8 Discovery EVA diffractometer (Bruker,
Germany) operating with Cu-Kα radiation (λ=1.542 Å) source over
the 2θ range 10–80°. SEM-EDX was performed on an EVO 40 micro-
scope (Zeiss, Germany) containing an EDX system (Bruker, Germany) at
a working distance to visualize the surface morphology. Infrared
spectra were recorded by a spectrum of 100 spectrophotometer (Perkin
Elmer, USA) using a universal ATR (attenuated total reflectance) ac-
cessory in the region of 4000–400 cm−1 for the characterization of
surface functional groups.

2.4. Environmental application procedure

To evaluate the environmental activity, the prepared functional
magnetic composite was also tested for its performance to adsorb two
organic dyes, cationic methylene blue (MB) and anionic methyl orange
(MO) selected as representative target dyes pollutants.
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Batch adsorption experiments were conducted in 100mL
Erlenmeyer flasks by adding 0.1 g of Fe@GPHC into 50mL dye solu-
tions with different initial concentrations (20–300mg L−1) at natural
pH (6.33 for MB; 6.30 for MO) values. Flasks were shaken in a ther-
mostatic water bath at 303 K and 150 rpm for 24 h. After the adsorption
reached equilibrium, the mixtures were centrifuged and filtered using
0.45mm nylon syringe filters and the residual concentration of each
dye were monitored using an Ultraviolet–visible (UV–vis) (Perkin
Elmer-Lambda 25) at 665 nm for MB and 464 nm for MO. the amounts
of dyes (qe) adsorbed at equilibrium were calculated as Eq. (1):

=
−q C C V
m

( )
e

e0
(1)

where qe (mg g−1) is the amount adsorbed per gram of adsorbent, C0

and Ce (mg L−1) are the initial and equilibrium concentrations of dye in
the solution, respectively, V (L) is the initial volume of the solution, and
m (g) is the dry mass of the adsorbent.

For evaluation of equilibrium behavior, two isotherm models were
used namely, Freundlich (Freundlich, 1906) and Langmuir (Langmuir,
1916). The linear form of these models can be mathematically ex-
pressed by the following equations:

= +q K
n

CFreundlich isotherm ln ln 1 lne F
F

e (2)

= +
C
q q b q

CLangmuir isotherm: 1 1e

e m m
e

(3)

where KF (L g−1) and 1/nF are the constants of the Freundlich model
indicating the capacity and surface heterogeneity of the adsorption
process, respectively. b (L g−1) is the Langmuir constant represents the
adsorption energy of binding sites, and qm (mg g−1) is the maximum
amount of the adsorption in the monolayer. The value of isotherm
parameters and the linear regression coefficients (R2) were determined.
The quality of the experimental data fitted to the adsorption isotherm
models was evaluated using the higher value of R2.

3. Results and discussion

3.1. Structural characterization of samples

3.1.1. Elemental composition
The elemental composition and the relative amount of iron content

of materials are characterized, as summarized in Table 1. It is clearly
seen that elemental carbon content (C (%)) of raw material is increasing
from 49.46% to 88.27%, particularly decreasing the (O+N)/C ratio
from 1.17 to 0.09 and H/C ratio from 0.11 to 0.04, because HTC is a
process of dehydration, decarboxylation and carbon enrichment (Yan
et al., 2018). In addition, the existing content of the iron element
(49.5%) in the magnetic composite material determined by XRF spec-
troscopy confirms the immobilization of iron nanoparticles to the inner
of the lignocellulosic matrix during the HTC process. This phenomenon
may be explained by occurring of reaction series such as the hydrolysis
of FeCl3 in aqueous solution, the dehydration of ferric hydroxide ionic
species and the reduction/oxidation of iron oxides (Guo et al., 2018).

3.1.2. Morphological property
The SEM images of samples and corresponding EDX spectrum

including the qualitative elemental composition of Fe@GPHC are dis-
played in Supplementary material. From the SEM images, the surface of
GP was highly smooth and homogeneous. Whereas, Fe@GPHC surface
was heterogeneous and porous because Fe nanoparticles were dispersed
inner side of GP and developed the porosity during the HTC process
(Zhao et al., 2018; Rangraz et al., 2018). The EDX pattern of Fe@GPHC
shows the existence of iron, carbon, oxygen, sulfur and nitrogen ele-
ments which affirms the creation of magnetic composite between Fe
and GP under hydrothermal condition (Shehzad et al., 2018).

3.1.3. XRD analysis
The crystalline structure and phase composition of Fe@GPHC and

GP were shown in Supplementary material. The XRD diffractogram of
the raw GP exhibited two broad peaks at about 2θ of 16°, and 22° in-
dicated the existence of amorphous portion (hemicellulose and lignin)
and a crystalline portion ((0 0 2) plane of cellulose I) of biowaste, re-
spectively (Hu et al., 2011). Biomass crystallinity index (CI) was de-
termined as ((I002− Iamorphous)/I002)× 100 by a Segal method, where
I002 is the intensity for a crystalline fraction of GP at 2θ=22°, and
Iamorphous is the intensity of the amorphous region at 2θ=16°. The CI of
GP was calculated as 24.54%. With the conversion of GP to Fe@GPHC,
the peaks at 16° and 22° in GP were disappeared. This may be due to the
degradation of cellulose and other polysaccharides during one-pot hy-
drothermal synthesis (Hu et al., 2011; Ge et al., 2015). When compared
with GP, XRD plane of Fe@GPHC displayed a diffraction peaks at 2θ of
35.8°, and 42.8° corresponding to the (3 1 1) and (4 0 0) planes of γ-
Fe2O3 (maghemite) and/or Fe3O4 (magnetite) crystals, respectively,
which clearly demonstrated the existence of embedded iron nano-
particles (Hu et al., 2017; Li et al., 2018). These peaks can be indexed to
the diffractions of γ-Fe2O3 (JCPDS No. 39-1346) and Fe3O4 (JCPDS No.
88-0315), which are indistinguishable (Su et al., 2017). Besides, the
absence of typical cellulose signals in the XRD pattern of Fe@GPHC,
indicating the successful formation of Fe/hydrochar composite mate-
rial.

3.1.4. Functional group analysis
The FT-IR spectra of GP and Fe@GPHC are plotted in

Supplementary material. For GP, the broad and strong band at
3307 cm−1 which corresponds to OHe stretching vibrations
(Mihajlović et al., 2018). The bands at 2922 cm−1 and 2854 cm−1 can
be ascribed to the CeH stretching of methyl and methylene groups
(Nizamuddin et al., 2018). The bands at 1741 cm−1 and 1609 cm−1 are
due to C]O stretching vibration of carbonyl groups unconjugated and
conjugated with aromatic rings, respectively (Sabio et al., 2016). The
1439 cm−1 attributed to the deformation of CeH (Ma et al., 2018). The
peak located at 1035 cm−1 corresponds to CeO stretching vibration
from esters, phenols and aliphatic alcohols (Elaigwu and Greenway,
2016). Compared with the spectra in GP, the peaks at 3307, 2922,
2854, and 1439 cm−1 disappeared in Fe@GPHC, meaning that the
functional groups of C]O, and CeO shifted (Ma et al., 2018). The
transmittance peaks at 800 cm−1 and 745 cm−1 can be attributed to the
CeH out-of-plane bending vibrations in HC]CH group (Sabio et al.,
2016). The characteristic bands at 567 and 604 cm−1 are owing to
FeeO stretching vibrations (Chang et al., 2016). The presence of these
signal patterns evidence that the HTC process produces a functionalized
magnetic hydrochar composite.

Table 1
Surface elemental composition of GP and Fe@GWHC.

Sample C (%) H (%) N (%) S (%) Oa(%) H/C (O+N)/C Feb (%)

GP 49.46 5.55 1.41 0.05 56.47 0.11 1.17 –
Fe@GWHC 88.27 3.44 1.14 0.02 7.15 0.04 0.09 49.46

a By difference.
b By XRF.
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3.1.5. Nitrogen sorption measurement
The N2 surface area measurements of GP and Fe@GPHC are listed in

Table 2. According to these results, the Fe nanoparticles decorated
hydrochar composite showed a larger surface area and total pore vo-
lume compared to starting material. The better pore properties are
obtained for the composite due to the penetration of the FeCl3 into the
pore channels of biomass matrix and exhibited an activation effect on
growing of pores, which coincides with the SEM-EDX results. Thus,
FeCl3 was not only utilized as the supply of magnetic composition, but
it also supported the development of new pores (Zhu et al., 2016).

3.1.6. Magnetic measurements
The magnetic property of the Fe@GPHC was measured by VSM.

Fig. 1 is the magnetization curves of as-prepared Fe/hydrochar nano-
composite at room temperature. As shown in Fig. 1, the magnetic
hysteresis loop which exhibited a typical S-shaped curve has super-
paramagnetic behavior (Jung et al., 2018; Ahmadian-Fard-Fini et al.,
2018). The saturation magnetization (Ms) and the respective coercivity
(Hc) were detected to be approximately 2 emu gr−1 and 15 Oe respec-
tively. This is good agreement with the results of SEM-EDX and XRF.
The magnetization values of Fe@GPHC are still acceptable, and it can
be separated easily from a solution using a magnet (Wang et al., 2018b;
Yaacob et al., 2018).

3.2. Evaluation of adsorption performance

In this work, the adsorption feature of Fe@GPHC was investigated
by choosing MB and MO as adsorbates. Fig. 2 demonstrates the ad-
sorption isotherms of both dyes at 30 °C onto Fe@GPHC. The experi-
mental data were fitted by Langmuir and Freundlich isotherm models.
The calculated constants of the two isotherm equations are presented in
Table 3. The high regression coefficient (R2) value was used to detect
the better-fitting isotherm. By comparing the values of R2, it was seen
that the Langmuir model was more favorable than Freundlich model
owing to its higher values of R2 for both MB and MO dyes, suggesting a
mono-layer adsorption process occurred on the Fe@GPHC surface. The
values of the adsorption intensity (1/n) for both dyes lie between 0 and

1, indicating suitable conditions for the adsorption. The maximum
adsorption capacity values of Fe@GPHC for MB and MO were
11.03mg g−1 and 8.91mg g−1 respectively. Therefore, the tested
composite in this study can be used as a promising adsorbing material
for dyes removal from aqueous solutions. To demonstrate the im-
portance of Fe@GPHC used in this work, the maximum adsorption
capacities (qm) of the Fe@GPHC were compared with various other
adsorbents reported in previous works and listed in Table 4.

3.3. Future investigation

Based on the physicochemical characterization and dye adsorption
performance results, the Fe@GPHC synthesized by HTC technique de-
monstrates to have potential as remover in the environmental area.
Hence, it will be the focus of future work to determine the key factors in
production optimization phase, to make an economic analysis of pro-
duction and to extend its usage areas such as energy storage, super-
capacitor, and catalyst.

4. Conclusion

A novel Fe@GPHC composite was successfully produced from GP
via a one-pot hydrothermal synthesis method. The composite was
characterized in detail with various techniques. Multiple characteriza-
tions indicated that Fe nanoparticles were uniformly embedded on the

Table 2
Pore characteristics of samples.

Sample BET surface Total pore Average pore
area (m2 g−1) volume (cm3 g−1) size (nm)

GP 1.58 0.008 21.04
Fe@GPHC 291.52 0.140 1.92

Fig. 1. Magnetization curve for Fe@GPHC.

Fig. 2. Adsorption isotherms of MB and MO onto Fe@GPHC.

Table 3
Isotherm constants and correlation coefficients calculated for MB and MO dyes
adsorption onto Fe@GPHC.

Isotherm Parameters Dyes
MB MO

Freundlich KF (L g−1) 3.80 1.79
1/n 0.1892 0.2785
R2 0.9771 0.9715

Langmuir qm (mg g−1) 11.03 8.91
b (Lmg−1) 0.078 0.038
R2 0.9986 0.9986

KF: constant in Freundlich model (mg g−1) (L mg−1)1/n; 1/n: Freundlich power
constant; qm: monolayer adsorption capacity (mg g−1); b: constant in Langmuir
isotherm model (L mg−1).

H. Sayğılı Bioresource Technology 278 (2019) 242–247

245



surface of the composite. The Fe@GPHC exhibited good performance in
the environmental application. The maximum adsorption capabilities
for MB and MO were 11 and 8.9mg g−1, respectively. Both equilibrium
adsorption data fitted well to the Langmuir model. As a whole, this
work brought a different viewpoint for preparation of a functional and
low-cost magnetic composite material using the industrial processing
bio-waste.
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