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Industrial waste against pollution: mill scale-based
magnetic hydrogels for rapid abatement of Cr(vi)t
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Irene Vassalini @ *°9¢ and Ivano Alessandri @ *P9e

This work studies the adsorption of hexavalent chromium from water using magnetic composite hydrogels
obtained by combining magnetite micropowders, synthesized from industrial by-products, with a natural
biopolymer (alginate) and other active species that could be obtained from food waste, like ascorbic acid.
In particular, mill scale was collected from a steel hot strip mill, converted into magnetite microparticles
and encapsulated in alginate-based hydrogel bubbles, in combination with activated carbon (AC) and
L-ascorbic acid (VitC). The synergistic combination of each active component creates an efficient,
multifunctional hybrid adsorbing unit, which enables the total abatement of Cr(vi) from contaminated
water, even at a high concentration range (up to 50 mg L™). Alginate plays the double role of water-
absorbing and Cr(vi)-adsorbing matrix as well as that of carrier and container for the other active
components, among which AC is utilized as an extra-adsorbing unit for Cr(vi), while VitC enables reduction
of Cr(vi). Furthermore, the presence of FesO,4 microparticles endows the hydrogel bubbles with magnetic
responsiveness, enabling their easy removal at the end of their decontaminant activity by means of small
magnets. The adsorption capability of the FezO4/AC/VitC-alginate hydrogels was tested under different
conditions: Cr®* was completely abated within 60 minutes when the Cr{vi) concentration in ultrapure water
was equal to 20 mg L%, and within 360 minutes when the concentration in ultrapure water was 50 mg L2,
without need of any pH-regulating treatment. The role of each different active unit was investigated and
compared to the adsorption performances of whole composite systems, elucidating cooperative effects
and deriving optimized formulations. The composite hydrogels were also tested in real contaminated water
in the presence of other possible common competitive inorganic species and in non-acidic pH. Under
these conditions it was also possible to obtain complete Cr(vi) removal, even if with slower kinetics, and
93% Crv) (50 mg L) was abated within 60 minutes.

Here we demonstrate that magnetite particles recovered from mill scale can be associated with ascorbic acid and incorporated into water-absorbing
alginate hydrogel bubbles that can be used for water remediation. The synergistic combination of components with specific functions (highly adsorbent
gels, redox-active molecules, magnetic particles) allows Cr(vi) to be efficiently adsorbed-even at the very high concentration of 50 mg L™ and reduced to
Cr(ur). After use, the bubbles can be easily collected with small magnets, enabling full recovery of Cr(m) and its reuse.
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1. Introduction

The steel industry generates several by-products that can have
a deep impact on the environment and should be recovered
and properly recycled."” For example, over 13.5 million tons
of mill scale, an iron-rich by-product that is generated in
casting, soaking, reheating and rolling processes, are
annually generated worldwide.> Unfortunately, usually it is
underexploited and simply disposed of in landfills.*

In parallel, chromic acid (H,CrO,) is a strong and corrosive
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oxidising agent widely used as a concentrated solution in metal
finishing industries such as electroplating, dyeing, and ceramic
glazing.” In the past years, there has been a growing concern
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about the use of chromic acid and its derivatives. In fact,
hexavalent chromium is a highly toxic and carcinogenic
pollutant, and human exposure to it can cause irritations in
the respiratory system even at a very low dosage. Moreover,
Cr(v1) is soluble but not biodegradable in water.® Therefore, a
proper method for Cr(vi) removal must be considered carefully
before discarding wastewater into sewages.

Among approaches such as
precipitation,”  electrocoagulation,®® and filtration,
adsorption is known for its simplicity, low production cost,
and wide selection of materials."> The uptake of Cr(vi) can
occur by physisorption, chemisorption, and bioremediation
through  either  conventional or  non-conventional
adsorbents."® Examples of popular conventional adsorbents
are commercial activated carbon, inorganic materials (i.e.
zeolite and silica gel), and various types of ion exchange
1415 Although these adsorbents are known for their
abundance and efficiency against Cr(vi), there still are major
drawbacks, such as high costs, which limit their usage in
larger-scale applications, and difficulty in recovery or
maintenance of the adsorbents themselves.'®” Moreover,
the demand for green and sustainable wastewater
remediation has been increasing globally: the new-generation
adsorbents should not only provide fast adsorption but also
meet some ecological and economic criteria, such as a
production process characterized by low cost and low
environmental impact and biocompatibility.'®*®

Therefore, compound adsorbents such as metal organic
frameworks (MOFs)*°>* and composite hydrogels>*** have
recently emerged as versatile materials for many fields of
applications, including adsorption of dissolved matter in
aqueous solutions. In particular, hydrogels obtained from
natural  polymers and modified with  magnetic
nanoparticles were proved to be efficient and sustainable
allies in environmental remediation, by combining the
non-toxicity, biocompatibility and biodegradability
properties of the polymeric network with the ease of
recovery via a magnetic field.>*>®

In this work we selected alginate as a natural biopolymer.
It can be extracted from algae and is commercially available.
Alginate has been widely used for the preparation of
hydrogels by calcium cross-linking.?” As an anionic polymer,
alginate is conventionally utilized for fabricating hydrogels
that are conventionally used for adsorption of positively
charged pollutants, like Pb(u), Cu(u), As(m) and As(v).>®3'
Nevertheless, due to the presence in its chemical structure of
several hydroxyl and carboxylic groups that are able to bind
with multivalent heavy metal ions, many recent studies have
demonstrated its adsorptive behaviour also against negatively
charged heavy metals like Cr(vi).*>** In particular, with
reference to Cr(vi)-containing pollutants as the anionic
CrO,* (chromate) and Cr,0,>" (dichromate) species,
examples of efficient removal are reported in the literature by
using either composite Fe;0,@Alg-Ce bubbles or nano zero-
valent iron/carbon/alginate systems.**® However, in both
these cases, the magnetic responsiveness was obtained
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through  commercial magnetic nanoparticles, which
contributed to increasing the cost of the adsorbent as a
whole.?” This magnetic function is fundamental for assisting
facile separation of the adsorbent system from wastewater,
but it should be replaced by cheaper alternatives, such as
magnetic microparticles obtained from iron sand or mill
scale.*®*° In this way, beyond the economic advantage, it is
possible to achieve a key benefit from the environmental
point of view, since industrial wastes and by-products have a
high impact in several applications of technology.

This work aimed at synthesizing an efficient and
environment-friendly hydrogel system for Cr(vi) removal
endowed with magnetic responsiveness provided by Fe;O,
microparticles obtained from mill scale. To pursue this scope
and maximize the interaction with Cr(vi), alginate was
combined with other chemical components: activated carbon
(AC) and ascorbic acid (VitC). The high efficiency of the
composite hydrogel was confirmed by adsorption tests in
water contaminated with Cr(vi) (20 and 50 mg L") in the
presence or in the absence of competing species. Within this
system, all the building blocks cooperate and carry out
complementary functions: activated carbon and the alginate
matrix adsorb Cr(vi) ions, vitamin C reduces Cr(vi) to
Cr(m)*»** and chelates Cr(m) to prevent any possible
secondary pollution,*® while Fe;O, confers magnetic
responsiveness to the whole system.

Even if all the chemical properties and functionalities of
the single components are well known, to the best of our
knowledge, it is the first time that they have been combined
to create a very effective system for Cr(vi) removal. In
addition, as anticipated, magnetite microparticles used for
the preparation of the hydrogel were produced starting from
an industrial waste (ferrous oxide scale derived from a hot
strip rolling mill), further increasing the environmental
sustainability and circularity of the proposed system.

2. Materials and methods
2.1. Synthesis and characterization of Fe;0, powder

Ferrous oxide scale derived from a hot strip rolling mill,
which is a black flaky by-product of the iron rolling process
collected from the drained water, was ground and sieved to
the size of 75-180 um. It was then converted into Fe;O, using
a combination of calcination and hydrogen reduction
processes.’® The industrial waste was firstly calcined at 800 °C
for 120 min to ensure the formation of a homogeneous Fe,0;
phase and eliminate impurities. It was subsequently reduced
by calcination at 650 °C for 240 min in the presence of a
reducing atmosphere (mixed gas H, + Ar + H,0).***°

The resulting black powder was characterized by X-ray
diffraction (Aeris, Malvern PanAnalytical, using a Cu anode),
Raman spectroscopy (Labram HR-800, Horiba Jobin-Yvon,
using a He-Ne laser source (1 = 632.8 nm)), and field-
emission scanning electron microscopy (Regulus FE-
SEMS8230, Hitachi, magnification x 5.0-10.0k). As regards
XRD analysis, the obtained powder was ground in a mortar

This journal is © The Royal Society of Chemistry 2024
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and then put in a low-background sample holder for data
collection. The XRD pattern was recorded with a scan rate of
0.0108° s in the 20°-80° 26 range. As regards the Raman
characterization, the Fe;O, powder was analysed using a 50%
microscope objective and a 10% attenuating power filter and
setting the acquisition time equal to 10 s.

2.2. Synthesis of alginate-based hydrogel bubbles

With the exception of Fe;O, microparticles, all the other
chemical reagents used for the preparation of the composite
hydrogels were commercial (they were purchased from Sigma
Aldrich): sodium alginate (halal food grade), granular activated
carbon Darco® KB-G (size 100 mesh, impurities per 100 g:
<0.50% water soluble, <12% moisture, and <200 mg L™ acid
soluble iron), r-ascorbic acid (reagent grade, >98%), calcium
chloride dihydrate (reagent grade, >99.0%) and ethanol
(absolute, >99.8). All the reactants were dissolved in ultrapure
Milli-Q water obtained from Integral 5 water purification system.

After an optimization process of the synthesis protocol
(see ESI S17), to prepare the composite hydrogel bubbles, 0.1
¢ of mill scale-derived Fe;0,, 0.07 g activated carbon, and 0.1
¢ r-ascorbic acid were added into a solution of 0.2 g sodium
alginate and 5 mL Milli-Q water. The solution was then
sonicated for 15 minutes to ensure the homogeneity. Then, it
was added dropwise by means of a syringe to a cross-linking
solution containing Ca®**. The cross-linker solution was
prepared by using a 0.6 M solution of calcium chloride
dihydrate in 100 mL of a mixture of 80:20 (V/V) ultrapure
Milli-Q water and ethanol. The cross-linking step lasted
overnight to create stable hydrogel bubbles. The dimension
of the syringe needle as well as of the applied pressure to the
syringe piston determined the final bubble dimension, which
was in the order of a few millimetres. Generally, for 1 ml of
alginate solution about 60 + 2 bubbles were prepared.

The optimization of the synthesis was performed to
maximize bubble stability, homogeneity, and magnetic
response, and it is reported in ESI S1.}

Additionally, four reference alginate-based hydrogel
bubbles were prepared in a similar way using 0.2 g sodium
alginate in 5 mL Milli-Q water as hydrogel matrix material
and adding only some of the other components of the
previously reported composite system. These alginate-based
bubbles include only alginate, alginate + Fe;O,, alginate +
Fe;0, + AC, and alginate + Fe;O,4 + VitC. The amount of the
reactants used for their preparation is summarized in
Table 1.

Table 1 Composition of alginate-based bubbles used as adsorbents and
reference materials

Name Sodium alginate = Fe;0, AC VitC
Alg 200 mg — — —
Fe;0,-alg 100 mg

Fe;0,/AC-alg 70 mg
Fe;0,/VitC-alg — 100 mg
Fe;0,4/AC/VitC-alg 70 mg

This journal is © The Royal Society of Chemistry 2024
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2.3. Characterization of hydrogel bubbles

The synthesized hydrogel bubbles were characterized in
terms of magnetic response, using an in-house vibrating
sample magnetometer (VSM), after evaporating and grinding
into dry powder 10 wet bubbles. The characterisation was
carried out at room temperature with an operating magnetic
field ranging from -10000 to 10000 Oe. The obtained data
were compared with the magnetic properties of a similar
amount of Fe;0, powder (~0.06 g).

The magnetic responsiveness of the hydrated bubbles
dispersed in aqueous solutions at room temperature was
tested by introducing contact with a common magnet, as
illustrated in Video S6t1 and Fig. 2d.

The composite hydrogel bubbles were subjected also to
Raman p-spectroscopy (Labram HR-800, Horiba Jobin-Yvon,
using a He-Ne laser source (1 = 632.8 nm)). One hydrated
Fe;0,4/AC/VitC-alginate bubble was analysed using a 10x
microscope objective and a 10% attenuating power filter and
setting the acquisition time equal to 20 s.

Fe;0,4/AC/VitC-alginate bubbles were characterized by
Fourier transform infrared spectroscopy (FTIR) using a
Nicolet iN10 MX spectrometer operating in attenuated
total reflectance (ATR) mode. Also, their thermal stability
from room temperature to 800 °C under a nitrogen
atmosphere was assessed by means of thermogravimetric
analysis (TGA, Mettler Toledo TGA/DSC 3+) at a constant
heating rate of 5 °C per minute.

2.4. Preparation of wastewater samples

Four different wastewater samples were prepared using
ultrapure Milli-Q water (2 samples) and commercial mineral
water (2 samples) (chemical analysis reported in ESI S27).

For the preparation of wastewater, potassium dichromate
purchased from Sigma Aldrich (RPE ACS, 470337) was used.
Initially, a stock solution with a very high Cr concentration
(2500 mg L") was prepared by dissolving 0.706 g of potassium
dichromate in 100 mL of Milli-Q water and then diluting with
Milli-Q water to obtain wastewater with a Cr concentration
equal to 50 mg L' (medium concentration, MCr) or 20 mg
L™ (low concentration, LCr). An analogous procedure was
followed for the preparation of real samples using mineral
water as diluting solvent (chemical composition reported in
ESI S21). In this case, the obtained solutions were called TtL-
MCr (actual medium concentration, Cr = 50 mg L") and TtL-
LCr (actual low concentration, Cr = 20 mg L™).

The pH values of all the wastewater batches were
measured by means of a pH meter and no pH modification
was carried out during adsorption experiments.

The 20 mg L™ Cr(vi) solution prepared in ultrapure water
was characterised by a pH of 6.34, the 50 mg L™ Cr(v)
solution prepared in ultrapure water was characterised by a
pH of 5.5, the 20 mg L™ Cr(vi) solution prepared in mineral
water was characterised by a pH of 7.9, and the 50 mg L™
Cr(vi) solution prepared in mineral water was characterised
by a pH of 7.7.

Environ. Sci.: Water Res. Technol., 2024, 10, 551-564 | 553
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2.5. Adsorption tests

A series of adsorption experiments was carried out to
determine the adsorption capability of Fe;0,/AC/VitC alginate
bubbles at different Cr®" concentrations. All the adsorption
experiments were repeated three times.

First of all, the ideal dosage of adsorbent material was
investigated by evaluating the variation of Cr(v)
concentration (in percentage) in the solution after contact
with a variable number of bubbles. The amount of Cr(vi)
solution to be treated was maintained fixed and equal to 5
mL, while four different bubble dosages were investigated: 5
bubbles per mL of Cr(vi) solution, 10 bubbles per mL, 20
bubbles per mL and 30 bubbles per mL. This type of study
was made in relation to both Cr(vi) concentrations using
solution prepared with ultrapure water. Solution sampling
was performed at fixed intervals (1, 5, 15, 30, 60, 90, and
360 min) in order to evaluate the variation of Cr(vi)
concentration as a function of time by means of UV-vis
spectroscopy.

For all the following experiments, the best performing
adsorbent ratio was selected and a total of 100 hydrogel
bubbles (average weight of 0.132 + 0.012 g) was added to 5
mL of the wastewater solutions. In order to study their
adsorption capability and obtain the related kinetic
adsorption model, they were kept in contact with the Cr(vi)
solution for 360-420 min. Solution sampling was performed
at fixed intervals (1, 5, 10, 15, 30, 60, 90, 150, 210, 300, 360
and 420 min) in order to evaluate the variation of Cr(vi)
concentration as a function of time.

The Cr®" concentration of the starting wastewater and its
variation were determined by UV-vis spectrophotometry
(Ocean Optics QE65000) by measuring the intensity at the
maximum absorption edge (1 = 350-374 nm)."® The starting
MCr and TtL-MCr wastewater samples were diluted 1:2
before spectrophotometric analysis.

After the adsorption test, in the case of colourless samples
when the Cr®" concentration was lower than the detection
limit of direct UV-vis measurement, an indirect measurement
of Cr(vi) was performed using diphenylcarbazide (DPC) as
complexing agent and marker (US EPA method 7196A).

Briefly, 20 uL of a DPC 0.02 M solution in acetone and 4 pL
of 10% (V/V) H,SO, solution were added to each colourless
sample of wastewater (976 uL). The mixture was well mixed
using a vortex shaker for 5 min. In the presence of Cr®’, the
mixture turned from colourless to purple. This colour change
was due to the reduction of Cr®* to Cr*" by DPC, resulting in a
complex [CrDPCO]" which can be detected by UV-vis
spectrophotometry with an absorbance edge at 540 nm.*® 1,5
diphenylcarbazide (ACS reagent grade, residue on ignition
<0.05%) and sulfuric acid (<97.0%) were purchased from
Sigma Aldrich. Fig. S31 shows the absorption spectra related to
both direct and indirect detection methods; other details on
UV-vis spectrophotometric detection of Cr(vi) can be found in
ESI S3. Direct spectroscopic Cr®* quantification was possible
in the concentration range of 1-20 mg L™, while indirect
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measurement with DPC was possible in the concentration
range of 0.8-0.025 mg L.

In correspondence to all the samplings, the adsorption
capacity of the bubbles (g, mg g') was calculated using eqn
(1) (Vijayakumar et al., 2012).*”

g = (Co — C) x (VIm) (1)
where C, = starting Cr®" concentration (mg L), C, = Cr®"
concentration at a particular sampling time (mg L"), V =
volume of Cr®" wastewater solution (L), and m = weight of
dried adsorbent bubbles (g).

In the case of wastewater prepared using ultrapure Milli-Q
water, when ¢ is equal to 360 min, it was possible to calculate
the equilibrium adsorption capacity (ge, mg g). In order to
individuate the best kinetic model for the fitting of the
adsorption data, the obtained values of ¢, and g. were used
for the creation of the graphs corresponding to the different
kinetic models, as reported in Fig. S4.f

The adsorption capacity of the Fe;0,/AC/VitC alginate
bubbles in ultrapure water was compared to those of the
other synthesized alginate-based adsorbents, limiting the
adsorption time to 60 min. Afterwards, the hydrogel bubbles
were separated from the solution using a magnetic stirrer bar
encapsulated in PTFE, and the adsorbed Cr(vi) quantity was
determined by UV-vis spectroscopy, similarly to that
previously reported in the long-time adsorption test.

The adsorption capability of the Fe;O0,/AC/VitC alginate
bubbles was compared also to the activity of activated carbon
in the form of free powder. A titration curve was built in
order to individuate the amount of Cr(vi) that saturates the
adsorption site of AC: increasing amounts of AC (final AC
amount in solution: 5 mg, 10 mg, 22.5 mg, 50 mg, 70 mg and
100 mg) were gradually added to 5 ml of Cr(vi) wastewater.
The amount of Cr(vi) remaining in solution after each
addition was evaluated by UV-vis spectroscopy after the
elimination of AC powder by means of centrifugation. This
experiment was conducted for both Cr(vi) solutions in
ultrapure water.

For comparison, the Cr(vi) removal capability of mill scale-
derived Fe;O, microparticles in the form of free powder was
investigated: 100 mg of the powder were put in contact with
5 mL of Cr(vi) 20 mg L™" solution and UV-vis spectroscopy
was used to calculate the percentage of Cr(vi) removed after
60 min of contact.

Long-time adsorption tests (up to 420 minutes) of the
Fe;0,/AC/VitC alginate bubbles were conducted following the
previously described procedure in the case of Cr(vi) solutions
prepared with mineral water (real samples).

3. Results and discussion

This study aimed at combining an industrial waste (ferrous
oxide scale derived from a hot strip rolling mill, which was
converted into Fe;O, microparticles through a calcination
process) with common components (activated carbon,

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ew00490b

Open Access Article. Published on 04 January 2024. Downloaded on 4/2/2026 6:53:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Water Research & Technology

alginate, and vitamin C), in view of developing a circular,
eco-friendly hydrogel system, which can effectively adsorb
Cr®" from wastewater with the additional benefit of easy
recovery. For this purpose, we prepared a composite system,
named Fe;0,/AC/VitC-alginate bubbles, in which all the
single components were essential for the working of the final
system: Fe;O, was necessary to confer magnetic
recoverability, alginate enabled a favourable interaction with
water  solution, passive adsorption and conferred
compactness to the composite, AC was used to enhance
adsorption properties, while vitamin C was added to combine
adsorption with some reducing capabilities in order to
convert Cr(vi) into the less problematic Cr(u). A general
scheme of the experimental outline is shown in Fig. 1.

The first step was the conversion of the industrial ferrous
waste into micrometric Fe;O, powder via a series of thermal
treatments (see section 2.1 for details). The complete
chemical conversion and purity of the obtained products
were verified by means of X-ray diffraction and Raman
spectroscopy. As can be seen in Fig. 2a, the obtained black
powder resulted to be pure Fe;O,: all the XRD peaks typical
of magnetite, matching well with the characteristic inverse
cubic spinel structure (peaks at 26 = 30° due to the (200)
plane, at 36° due to the (311) plane, at 43° due to the (400)
plane, at 53° due to the (422) plane, at 57° due to the (511)
plane and at 63° due to the (440) plane) were visible, showing
a purity of ~99%. Further confirmation of the chemical
nature of the synthesized powder was achieved from Raman
analysis (Fig. 2b), since the recorded spectrum was
characterized by the presence of the main peak at 675 cm™
(due to the A;; mode) and the less intense peaks at 325 cm™
(E; mode) and 550 ecm ™" (T,, mode).*”® The absence of any
chemical impurity was confirmed also by energy dispersive

X-ray (EDX) analysis performed in combination with
scanning electron microscopy characterization, which
Fe,0,/ACIVitC

alginate bubbles

"y o
HO_~ON=0

HO OH
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showed that the powder was characterized by a granular
morphology (size 75-180 microns) and that the only chemical
elements present were iron and oxygen (Fig. S5f). The
powder was characterized also in terms of magnetic
properties, which were measured by VSM at room
temperature (Fig. 2c). Despite being converted from an
industrial waste, the saturation magnetisation (M;) of Fe;O,
powder was as high as 75.74 emu g ', the remnant
magnetisation (M,) was 6.35 emu g ', and the coercive field
(H.) value was 105.2 Oe (8.37 kA m™, 0.0105 T). These data
suggest that the bulk Fe;O, derived from mill scale exhibited
ferromagnetic behaviour.”® Interestingly, a similar magnetic
behaviour was maintained after the immobilization of the
F;0, powder inside the alginate matrix, enabling the
possibility of driving hydrogel composite bubbles around the
space thanks to a common magnet (Fig. 2d and Video S67).
In the case of hydrogel bubbles the My and M, values
decreased to 17.43 and 2.10 emu g ', while the H, value
increased to 140.5 Oe (11.18 kA m™', 0.014 T). These facts
were a consequence of the non-magnetic properties of the
alginate matrix;*° however, these values are still comparable
to those usually reported in the literature for magnetic
nanoparticles.”* This fact is possible thanks to the large size
of the here-prepared Fe;O, micropowder, which increased
the saturation magnetisation of the magnetic materials.>>
Thus, embedding magnetic microparticles recycled from
mill scale waste in alginate matrix allowed the production of
magnetically responsive hydrogel bubbles with preferrable
characteristic properties such as high Mg, low M,, and small H,
at room temperature. These properties are promising for
application in water purification,” since they enable the
possibility of fast adsorbent removal after the end of
decontamination experiments and its regeneration after
magnetic separation.”® This is a great advantage in comparison
to similar alginate-based hydrogel systems previously studied

AscorbicAcid

2

:) L :)
cr(vi
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<
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Fig. 1 Experimental outline for the removal of Cr(v) in wastewater using FesO4/AC/VitC alginate bubbles. Magnetic FesO, micropowder was
obtained from mill scale waste and combined with activated carbon, ascorbic acid and alginate in order to obtain hydrogel bubbles, which can be
suspended in contaminated water. After Cr(vi) adsorption, the bubbles can be easily removed from the wastewater using a magnetic bar.

This journal is © The Royal Society of Chemistry 2024
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(a) X-ray diffraction pattern of the FesO4 powder derived from mill scale. (b) Comparison between the Raman spectra of the FesO, powder

and the FezO4/AC/VitC-alg bubbles. (c) Magnetisation curve of FesO4/AC/VitC hydrogel bubbles in comparison to FezO4 powder. (d) Pictures
showing the magnetic attraction between composite Fes04/AC/VitC-alg hydrogel bubbles and a common magnet.

by our group for the detection and removal of dyes,
pharmaceuticals, and polychlorinated biphenyl
compounds.”*** In those cases, hydrogel manipulation,
motion and removal were possible only by means of filtration
or use of tweezers, thanks to bubble stability and millimetric
size. However, the possibility of reducing the bubble size and
maximizing the surface/mass ratio, which is generally
fundamental to maximize the interaction between adsorbents
and adsorbates, was precluded.

The size of the prepared hydrogels depends mainly on
synthetic parameters, in particular the pressure applied to
the syringe piston, dripping rate and diameter (lumen) of the
syringe needle. In the present work, we prepared bubbles
with a dimension of 2.9 + 0.6 mm, but in principle, their size
could be easily modified according to the requirements.

Their stability at ambient conditions is very high: they can
be synthesized in advance and stored in closed containers
with water for very long periods (up to six months) without
the occurrence of self-degradation or material leaching.

Thermogravimetric analysis performed on dried bubbles
(TGA and DTG curves reported in S71) showed that the first
significant weight loss occurred in the temperature range 51—
103 °C due to complete dehydration of the bubbles (weight
loss ~14%), followed by a second loss step of ~16% of the
original weight in the temperature range 230-280 °C (due to
thermal degradation of ascorbic acid and alginate, with the
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fracture of glycosidic bonds, breaking of the alginate
backbone and loss of the abundant hydroxyl groups in the
form of water) and a more gradual weight loss of a further
15% in the extended temperature range 300-650 °C (due to
alginate decarboxylation and release of CO,).”>™ In the
temperature range 674-712 °C there is another rapid loss of
weight (~6%), which usually is not present in TGA curves of
alginate-based hydrogels, and is probably due to the release
of gaseous molecules from the other components of the
composite bubbles (mainly organic gaseous species
previously adsorbed on activated carbon). The % of weight
remaining at the temperature above 800 °C is ~40%, which
is in good agreement with the amount of carbonaceous solid
charcoal and inorganic magnetite microparticles introduced
into the bubbles during the synthesis.

The synthesized composite bubbles were also
characterized by Raman spectroscopy. The Raman spectrum
obtained from the Fe;0,/AC/VitC-alginate composite bubbles
is reported in Fig. 2b, and it is dominated by spectral features
of activated carbon, which are characterized by a Raman
cross section significantly higher than that of alginate,
magnetite, and ascorbic acid. In fact, the Raman spectrum of
the composite bubbles showed only two peaks typical of
carbonaceous species: the D band, centred at 1360 cm™, due
to lattice defects, disordered arrangement and low symmetry
carbon structure, and the G band, centred at 1605 cm ',

This journal is © The Royal Society of Chemistry 2024
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which is related to the stretching vibration E,; mode of sp
carbon atoms forming the graphite skeleton.’®>’

They were analysed also by means of ATR-FTIR
spectroscopy, as reported in Fig. S8.f The recorded spectrum
is characterized by the main peaks of alginate (the spectrum
of bubbles made of alginate only is reported as a reference):
the peaks centred at 1597 and 1410 c¢cm™' are due to
asymmetric and symmetric stretching of C-O-O of
carboxylate, while the broad band at ~3300 cm™ is caused
by -~OH vibrations.””

The adsorption efficiency of the composite Fe;0,/AC/VitC-
alginate bubbles was first investigated against Cr(vi) solutions
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prepared in ultrapure water at two different concentrations,
20 mg L™ (LCr) and 50 mg L™ (MCr). No pH modification
was performed, avoiding the addition of any buffers or
chemicals: the operation was maintained as simple as
possible to limit the action from external operators and
promote the environmental sustainability of the whole
decontamination process.

Initially, the optimal adsorbent loading was investigated in
order to maximize the adsorption efficiency and rate,
maintaining as low as possible the amount of adsorbents. To
pursue this scope we tested four different adsorbent loadings: 5
Fe;0,/AC/VitC-alginate bubbles per mL of Cr(vi) solution, 10
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Fig. 3

(a) Lowering of the Cr(vi) concentration over time after the interaction with a variable number of Fez04/AC/VitC-alginate bubbles. Starting

Cr(vi) concentration = 50 mg L™t in ultrapure water. (b) Lowering of the Cr(vi) concentration over time after the interaction with a variable number
of Fes04/AC/VitC-alginate bubbles. Starting Cr(vi) concentration = 20 mg L™ in ultrapure water. (c) Variation of the absorbance value of the Cr(v))
solutions prepared with ultrapure water as a function of Fez04/AC/VitC-alginate bubbles' soaking time. Adsorbent dosage= 20 bubbles per mL of
Cr(vi) solution. (d) Adsorption capacity of the composite Fe;04/AC/VitC-alginate bubbles. (e) Pseudo-second-order adsorption isotherms of FezO4/

AC/VitC-alginate bubbles. Error bars included in the point size.

This journal is © The Royal Society of Chemistry 2024

Environ. Sci.: Water Res. Technol., 2024, 10, 551-564 | 557


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ew00490b

Open Access Article. Published on 04 January 2024. Downloaded on 4/2/2026 6:53:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

bubbles per mL, 20 bubbles per mL and 30 bubbles per mL. In
Fig. 3a it is possible to observe the percentage of Cr(vi) that
remained in the Cr(vi) solution at different times (0-360 min)
after the contact with different adsorbent loadings in the case
of the MCr solution. Notably, it is possible to recognize that 20
Fe;0,/AC/VitC-alginate bubbles per mL of solution was the
optimal loading. In fact, using a lower amount of bubbles did
not enable reaching a complete Cr(vi) removal with the
considered period of time. In the case of 5 Fe;O,/AC/VitC-
alginate bubbles per mL of Cr(vi) solution, removal was limited
to ~60%, while it was limited to ~85% in the case of 10
bubbles per mL. Interestingly, increasing the adsorbent loading
up to 30 bubbles per mL did not enable increasing significantly
the kinetics of the adsorption process, resulting only in a
spoilage of adsorbent material. A similar behaviour was
observed in the case of the treatment of the LCr solution, as
illustrated in Fig. 3b. As a consequence, all the following
experiments were conducted considering as adsorbent loading
the optimal value of 20 bubbles per mL of Cr(vi) solution.

In this condition, in the case of the LCr samples,
bleaching of the solution colour occurred within a few
minutes (about 15 min) and complete removal of Cr(vi) was
obtained after 60 min, while in the case of the MCr, complete
Cr(vi) removal was obtained within 360 min, as seen in
Fig. 3¢, which reports the variation of the absorbance of the
Cr(v1) solutions as a function of bubbles' soaking time.

As shown in tables reported in S9,f these values of
adsorption time are in line or even lower than those reported
in the literature for other magnetic hydrogel systems.
Furthermore, it is important to highlight that our
experimental protocol was intentionally designed to avoid
any further post- optimization processes, such as pH
modification, heating, or mixing, which could negatively
impact the application of this remediation strategy.
Moreover, the fact that it was possible to achieve a complete
(100%) Cr(vi) removal in a short time, using low cost
materials and with a very simple operation with minimal
external operator intervention represents a major asset of this
approach. Considering the amount of adsorbent suspended
in the wastewater (~130 mg, dried weight), it was possible to
calculate its adsorption capability as a function of time,
which is reported in Fig. 3d. At the equilibrium time, the
experimental adsorption capacity was equal to 0.76 mg g™ in
the case of the 20 mg L™ Cr(vi) solution, which was reached
after 60 min, and 1.89 mg g " in the case of the 50 mg L™
Cr(vi) solution, which was reached after 360 min.

In general, it is normal to observe a rapid reduction of
pollutant concentration in wastewater during the initial period
of contact with the adsorbent. This functioning is linked to the
availability of a large number of adsorption sites on the surface
of the adsorbent at the early stage of the adsorption process,
which are gradually occupied by the pollutant molecules
derived from the solution and saturated over time.*® This
behaviour was observed also in the case of our composite
system: in the first minute about 50% of the adsorption
process occurred for the LCr sample, and a lowering of 64% of

558 | Environ. Sci.. Water Res. Technol., 2024, 10, 551-564

View Article Online

Environmental Science: Water Research & Technology

the initial absorbance value was obtained in the case of the
MCr solution. After that, the adsorption rate began to slow
down. This fact is particularly evident in the case of the MCr
solution: in order to pass from a Cr(vi) removal of 85% (value
obtained in the first 10 min) to a complete removal, it was
necessary to wait for another 350 min.

In both the concentration ranges, the adsorption kinetics
was represented by a pseudo-second-order model (Fig. 3e),
which assumed that the rate-limiting step of the adsorption
process was chemical sorption (further details about the
individuation of the best kinetic model for the fitting of the
adsorption data are shown in Fig. S4f). From the fitting of
the experimental data, it was possible to calculate both the
rate constant of the pseudo-second-order adsorption process
(k»), which was equal to 1.022 ¢ mg ' min™" in the case of
[Cr*] =20 mg L' and 0.2 g mg™' min™" for [Cr®'] = 50 mg
L', and the theoretical value of the equilibrium adsorption
capacity, which was equal to 0.76 for [Ct®"] = 20 mg L™ and
1.89 for [Cr®'] = 50 mg L', showing a good agreement with
the experimental data.

To investigate the role of each individual component of
the Fe;0,/AC/VitC alginate bubbles, we compared their
specific absorption capability with those of other alginate-
based adsorbents (the considered reference systems are those
listed in Table 1, and they were employed at the same dosage
of ~0.132 g per 5 mL). For comparison, the contact time was
fixed at 60 min. The obtained results are shown in Fig. 4a.

Among the different alginate-based bubbles, only the
Fe;0,4/AC/VitC-alginate and Fe;0,/VitC-alginate systems were
able to guarantee a complete Cr(vi) removal in 60 minutes in
the case of a Cr(vi) concentration equal to 20 mg L.
Interestingly, the system made of pure alginate was able to
adsorb only 37.2% Cr(vi), while the adsorption capability was
increased up to 58% after the combination of alginate with
Fe;0,4, showing that magnetite not only conferred magnetic
responsiveness to the system but also slightly increased its
removal capability.®’ A similar Cr(vi) removal was observed
also in the case of Fe;O, NPs in the form of free powder. As
shown in Fig. S10,f this powder alone was able to remove
~15% Cr(vi) from the solution. In addition to physical
adsorption, some chemical interactions can occur between
the powder and Cr(vi): magnetite has a cubic inverse spinel
structure that consists of Fe(u) and Fe(ur) ions, and during
the adsorbent soaking, Fe(u) can be oxidized by Cr(vi),
resulting in the reduction of Cr(vi) to Cr(ur).®*>*?

Coming back to hydrogel bubbles, a further adsorption
enhancement, up to about 93%, was observed after the
combination of alginate and Fe;O, with activated carbon,
probably due to the contribution of the high number of
adsorption sites typical of high surface activated carbon.
Complete adsorption (the remaining Cr(vi) was under the
detection limit of both direct and indirect UV-vis
measurements) was achieved after the addition of vitamin C
(complete system: Fe;O, + AC + VitC + alginate), indicating
that ascorbic acid was a fundamental component for the
creation of adsorbents that were characterized by high

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Percentage of Cr®* removal after 60 min of contact with Fe30,/VitC/AC alginate bubbles and other alginate-based adsorbent reference
systems. Black data related to [Cr®*] = 20 mg L™, red data related to [Cr®*] = 50 mg L™ (b) % of Cr(vi) adsorption as a function of the increasing
amount of AC in the form of free powder. Error bars are included in the point size.

removal capability. As already reported, ascorbic acid can be
a key ingredient against Cr(vi), since it is able to induce its
reduction to Cr(m) and obtain Cr in a more biocompatible
and environmentally safe form.' In addition, some recent
studies showed that the -COOH groups of ascorbic acid are
able to complex Cr(m) and lower its dispersion in the
surrounding environment.*>

Complete removal was obtained also in the absence of
activated carbon (Fe;O, + Vit C + alginate bubbles). However,
as reported in Fig. 4a (red bars), in the case of wastewater
with a higher concentration of Cr(vi) (50 mg L"), the addition
of activated carbon significantly improved the adsorption
capability. The system composed of alginate, Fe;O, and
vitamin C after 60 minutes removed only 66.5% of Cr(vi),
while for the system containing also activated carbon the
removal was increased up to 88.1%. In fact, as previously
reported in Fig. 3, this adsorbent could completely remove
Cr(v1) at this concentration range in 360 minutes.

Activated carbon is often considered as the standard
adsorbent for industrial application, since it is characterized
by a huge number of adsorption sites, thanks to its high
porosity and surface area. For this reason, we decided to
study its adsorption capacity in the form of free powder when
used under the same conditions as that of the Fe;0,/AC/VitC-
alginate bubbles. In particular, in Fig. 4b, the variation of
Cr(vi) adsorption percentage as a function of the amount of
AC powder in contact for 60 minutes with 5 mL of Cr(vi)
solution is reported, in the case of both Cr(vi) concentrations
equal to 20 mg L™ (black line) and 50 mg L™ (red line). A
very small amount of AC powder (i.e. 5 mg for [Cr®*] = 20 mg
L™ and 5 or 10 mg for [Cr®'] = 50 mg L™") did not enable us
to obtain any Cr(vi) abatement, while complete Cr(vi) removal
was obtained in both the concentration ranges when the AC
powder quantity was increased up to 70 mg. However, the
most relevant fact was that when the same amount of AC
contained in the composite bubbles (i.e. 22.5 mg) was used
in the form of free powder, a significant decrease of Cr(vi)
removal capability was recorded. In fact, in the case of the

This journal is © The Royal Society of Chemistry 2024

LCr solution, Cr(vi) adsorption passes from 100% (bubbles)
to ~80% (free powder), and from 86% to ~43% in the case
of MCr solution. Passing from AC embedded in composite
bubbles to AC in the form of free powder, a lowering of the
decontamination performances was recorded for both the
Cr(vi) concentration ranges, which is equal to -20% for the
20 mg L' solution and -50% for the 50 mg L™* solution.
These data additionally confirmed the importance of the
compresence of all the building blocks in the composite
system in order to guarantee a cooperation that enables
maximization of the Cr(vi) removal. In fact, AC in the form of
free powder would require a 3 times higher amount of pure
activated carbon to achieve the same efficiency of the
composite Fe;0,/AC/VitC alginate bubbles, with a significant
increase of costs and environmental impact. Furthermore, by
using adsorbent systems in the form of powder, the
advantages of compactness and magnetic responsiveness
related to the presence of the alginate matrix and Fe;O, were
lost and the full recovery was severely hampered, with
possible losses of both material and adsorbed pollutant.
Finally, we verify the possibility of using the composite
Fe;0,4/AC/VitC hydrogel bubbles for Cr(vi) removal in real
wastewater, that is, in the presence of other chemical
inorganic species present in mineral water (see chemical
analysis reported in ESI S2f) and can compete during the
adsorption process. The adsorption isotherms from 1 to 420
min were collected in the case of the two different Cr(vi)
concentrations (Fig. 5). The overall adsorption trends were
similar to those obtained in the case of Cr(vi) solution in
ultrapure water, showing a fast lowering of Cr(vi) in solution
during the first minutes and a gradual decrease of the
adsorption rate over time. However, in the presence of
additional inorganic species, the adsorption capacity was
slightly decreased. In the case of low Cr(vi) concentration,
complete Cr(vi) was obtained only after 300 min.
Nevertheless, it should be underlined that in the first 60 min
(long enough period to achieve complete removal in
ultrapure water) Cr(vi) removal was as high as 93%. In the
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Fig. 5 (a) Variation of the absorbance value of the Cr(vi) solutions prepared with mineral water as a function of Fez04/AC/VitC-alginate bubbles’

soaking time. (b) Adsorption capacity of the composite FezO4/AC/VitC-alginate bubbles against Cr(vi) wastewater in the presence of common
competitive chemical species. Error bars included in the point size. c) Pseudo-second-order adsorption isotherms in mineral water. Error bars are

included in the point size.

case of the medium concentration range, complete Cr(vi) was
obtained in 420 min, but also in this case 93% of Cr(vi) was
adsorbed in the first 60 min. As shown in Fig. 5c, also in real
water the adsorption process occurred through pseudo-
second-order kinetics.

The decrease of the percentage of adsorbed Cr(vi) and the
increase of time needed to achieve complete Cr(vi) removal
were due to the competition during the adsorption process of
other ions contained in real wastewater, which were
characterized by a significantly higher concentration than
that of Cr(vi), as reported in ESI S2F In particular,
bicarbonate (232 mg L") could affect Cr(vi) adsorption in
different ways: on one hand, it has the same negative charge
as bichromate or chromate (the chemical species from which
Cr(vi) derives) and could compete for positively charged
adsorption sites; on the other hand, it could contribute in
raising the pH value. In fact, when Cr(vi) solutions were
prepared in ultrapure water they were characterised by a pH
of 6.34 for the 20 mg L' concentration and 5.5 for the 50 mg
L™" sample, while solutions obtained in mineral water were
characterized by a less acidic pH (7.9 for the 20 mg L™
concentration and 7.7 for the 50 mg L™ sample). This
variation of pH could modify the surface charge of the
adsorbent and the chemical form in which Cr is present in
the solution (HCrO, is the predominant species at pH <6.5,
while CrO,>” is the main Cr(vi) form for pH above 6.5). In
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addition, bicarbonate could induce a rapid decomposition of
vitamin C, lowering the effectiveness of its reductive
interaction with Cr(vi).°* All these facts could hinder the
adsorption process of the Fe;04/AC/VitC hydrogel bubbles.
The lowering of adsorption performance and the slowing
down of the adsorption process were more significant in the
case of low Cr(vi) concentration; in fact, the kinetic constant
passed from 1.022 g mg™" min™" (in ultrapure water) to 0.34 g
mg~' min™' (in mineral water). In the higher concentration
case, instead, the variation of the kinetic constant was minor:
it passed from 0.20 g mg™" min~" to 0.17 ¢ mg™" min~".

4. Conclusions

Magnetic hydrogels composed of magnetite, activated
carbon, and r-ascorbic acid in calcium-cross-linked alginate
bubbles showed an efficient and fast removal of Cr(vi) in
the concentration range 20-50 mg L™'. Even if this range is
well above the discharge limit in wastewaters for European
countries (i.e. Italy: 2-4 mg L™ for total Cr and 0.2 mg L™
Cr(vi)) or many Asian countries (i.e. Thailand: 0.25 mg L™
and 0.75 mg L™ for Cr(vi) and Cr(m), respectively), this
investigation is of great environmental relevance. In fact, in
many Asian countries the actual Cr concentrations in
discharged industrial wastewater range usually from 10 to
almost 100 mg L' (ref. 65-67) and the here-proposed

This journal is © The Royal Society of Chemistry 2024
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Fe;0,4/AC/VitC-alginate bubbles could provide fast and
efficient remediation under these conditions. The high
removal capability of these systems was the result of the
synergistic interplay between the single components: the
alginate matrix and activated carbon conferred to the
system high adsorption capacity, while ascorbic acid
enabled combining a redox and a chelating activity. The
outcome was that, in comparison to the plain alginate
counterpart or other alginate-based hydrogels containing
only some of the aforementioned components, the complete
composite system was characterized by a significantly
improved decontaminant activity. Interestingly, it was also
capable of outperforming commercial activated carbon
employed in the form of free powder.

Additionally, thanks to the presence of magnetite, the
proposed adsorbent could be easily collected after the
completion of the decontamination activity through the
application of external magnetic fields, with a high potential
of subsequent purification and regeneration processes.

With the promising results shown in relation to ultrapure
water, we investigated the activity in the case of Cr(vi)-
contaminated mineral water. Even if a slowing down of the
removal process was observed, probably because of the
competition during the adsorption process of other ions
contained in the solution, the composite bubbles were still
able to completely abate Cr(vi) in limited periods (maximum
420 minutes).

The advantages related to the use of the Fe;0,/AC/VitC
alginate hydrogel bubbles are not limited to only high
adsorption capability but also to high environmental
sustainability and low cost. The hydrogels were synthesised
in one step from affordable nature-based materials, like
ascorbic acid and sodium alginate, combined with
magnetite particles obtained from mill scale, which is
consistently generated as industrial waste in a large amount
every year. In this perspective, the fabrication of Fe;O4/AC/
VitC hydrogel bubbles is a win-win approach, since it
enables conversion of an industrial waste into a high value-
added product and resolution of an environmental problem,
such as high concentrations of Cr(vi) in water. Furthermore,
all the expenses normally sustained for the disposal of this
industrial waste can be avoided. From the economic point
of view, the proposed adsorbent is characterized by a low
impact: alginate is relatively cheap®® and, eventually, it can
be extracted in the laboratory from brown algae seaweeds;
similar considerations can be done for ascorbic acid, which
can be extracted from various vegetables scraps. Activated
carbon is the most expensive component, but after
encapsulation inside the bubble structure a smaller amount
(in comparison to free powder) is enough to obtain
complete Cr(vi) removal, limiting the increase of adsorbent
cost. In addition, the fabrication process of the hydrogel
composite system as well as the Cr(vi) adsorption process is
very simple and suitable for industrial and commercial-scale
development. In terms of sustainability, the hydrogel
bubbles could be further improved by replacing commercial

This journal is © The Royal Society of Chemistry 2024
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activated carbon, since its production relies on fossil fuels,
with other recycling materials, leaving space for further
development of the here-proposed system. Moreover,
additional properties, such as recyclability and photo-
degradation activity, could be investigated and optimized in
order to ensure a complete eco-friendly behaviour of the
Fe;0,4/AC/VitC-alginate hydrogel bubbles.
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