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A B S T R A C T   

New hybrid polymeric materials were prepared by the polymerisation of sodium silicate, water, and hydrochloric 
acid, with the subsequent addition of iron. After the treatment with a natural reducing biomass extract, the 
resulting material was used in Cr(VI) decontamination processes. The preparation of the materials started with 
the synthesis of the polymeric base, and the successive modifications were made to maximise Cr(VI) removal. 
Characterization studies were carried out by SEM and EDS tests for each of the synthesised materials. The 
synthesised polymeric base (called GSP) was found to have a high affinity for Fe(II). An adsorption of 24.5 mg Fe 
(II)⋅g− 1 on GSP was achieved, with an associated adsorption energy of 34.5 kJ⋅mol− 1. In the decontamination 
studies, the polymeric base acts as a Supporting material for iron, while the main Cr(VI) scavenger is the 
adsorbed Fe. Chromium removal takes place by a combined process of Cr(VI) reduction to Cr(III) and adsorption 
of both chromium species at acidic pH. An adsorption model, based on statistical thermodynamics, and removal 
rates were used to study the process. The proposed material is sustainable, cheap and has high capacity to 
remove chromium from aqueous media quickly and effectively.   

1. Introduction 

Environmental issues caused the human activity since last century 
are one of the most important challenges for science nowadays. Industry 
production is increasing every day due to our present lifestyle and needs 
and associated to this production, waste generation is also increasing. 
New efficient treatments must be developed to solve this problem and 
move towards more sustainable processes. A possible strategy is the 
development of new competitive materials which combine several 
elimination mechanisms to remove different types of pollutants, like 
organic compounds or metallic ions. 

Among metals, a major concern about chromium (Cr) contamination 
is increasing worldwide because of the high concentration levels found 
in soil and water resulting from human activities. Chromium is consid-
ered the 17th (5th among metals) of 275 priority substance with most 
significant potential threat to human health by the Agency for Toxic 
Substances and Disease Registry (ATSDR) [1] and hazardous air pol-
lutants (HAPs) and urban air toxicants by United States Environmental 
Protection Agency (US EPA) [2,3]. 

Chromium main oxidation states are Cr(VI) and Cr(III) in the range 
Eh-pH of natural waters. At low Eh environments, Cr(III) and its 

hydroxides are the main species [4]. On the contrary, Cr(VI) exists in 
solutions as (HCrO4

- ), (CrO4
2-), (Cr2O7

2-) depending on the pH [5]. 
Cr(VI) is widely used by different industries like metalworking in-

dustry (electroplating, metal refining, refractories…), textile industry 
(textile dyeing, pigment production…) and other industrial activities 
such as fungicide production or leather tanning. Tanning industry is one 
of the most chromium-emitting. Chromium compounds are also used in 
small amounts for many industrial products such as corrosion inhibitor, 
military aircraft, catalysts… [5]. 

Cr(VI) is the most toxic species among its different oxidation states. It 
is considered a “human carcinogen” by the US EPA and the World Health 
Organization. It is also associated with other pathological effects such as 
genotoxicity, mutagenicity and dermatotoxicity. It may cause respira-
tory, cardiovascular, and gastrointestinal diseases, and it is related to 
reproductive and developmental pathologies. Cr(VI) is also toxic to 
aquatic animals, plants, and bacteria. Cr(III) is 100 times less toxic than 
Cr(VI). In humans and in small quantities, chromium is an essential 
nutrient required for sugar and lipid metabolism, but in excess it may 
cause cancer and allergic skin reactions [5–7]. 

Wastewaters which contain Cr(VI) must be treated before being 
dumped into the aquatic system due to its toxicity. The most common 
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method for Cr(VI) removal is acid reduction to Cr(III) and its subsequent 
precipitation as hydroxide by increasing pH with lime. The main 
disadvantage of this method is the removal of the large solid wastes 
produced. Different technologies have been studied for chromium 
elimination because of this disadvantage, such as ion exchange, mem-
brane technologies or adsorption. Adsorption is a technique with high 
versatility which is being widely studied for pollutant elimination. One 
of the most used adsorbents is activated carbon [8], but it is expensive so 
during the last years, many studies of sorption with low-cost sorbents 
have been developed [6,9]. 

Low-cost materials like marine biomass or iron (Fe) nanoparticles 
have provided good results in the removal of different metals [10–14]. 
In the case of iron nanoparticles, despite providing good results, their 
main disadvantage is their separation from the reaction medium after 
use. One of the most common ways to solve this problem is to synthetize 
magnetic nanoparticles [15–17] but other problems such as agglomer-
ation of these particles remain. Adsorption of iron on a solid support is 
another way of being able to remove active material after the decon-
tamination process without losing the decontamination properties of the 
nanoparticles. In addition, these materials have the advantage that they 
can be easily used as fillers in adsorption columns. Our research group 
has studied iron and biomass immobilization in silica gel obtaining good 
results in metal removal [18]. Silica gel is a material which presents 
optical transparency and high porosity combined with a good mechan-
ical resistance. Porosity allows the solution to penetrate in the silica gel, 
increasing the surface where iron could be adsorbed, which implies 
more iron available for the decontamination process. This structure 
combined with a large amount of oxygen in the crystal lattice allows 
silica gel to have a high affinity for metal cations depending on its charge 
and size. In this work, silica gel was synthetised in the form of pellets by 
a sol-gel process using the aqueous precursors method [15]. We have 
checked that this Supporting material does not interact with chromium 
solutions, so we have functionalised it by treatment with an iron solu-
tion. Iron is the metal chosen to immobilize over silica gel because it has 
provided good results for chromium elimination [19]. We have studied 
the process of iron retention on the surface of the Supporting material. 
Besides, the immobilization over a solid surface method also facilitates 
the possibility of modifying the iron to further improve chromium 
removal. Modification could be carried out with chemical modifiers but, 
as an alternative, we have chosen the extract obtained from eucalyptus 
leaves to follow a more sustainable process [15,16]. 

2. Materials and methods 

2.1. Chemicals 

Reagents used to synthesize silica pellets were sodium silicate 
neutral solution, pure from Scharlau (Scharlab S.L., Barcelona, Spain) 
and HCl 37 % PA-ACS-ISO. Iron sulphate 7-hydrate PA-ACS, potassium 
dichromate PA-ACS-ISO from Panreac (Panreac Química S.A., Barce-
lona, Spain) and chromium (III) chloride hexahydrate from Sigma 
(Sigma-Aldrich, Steinheim, Germany) were used to prepare metal so-
lutions. Iron measurements were performed using 1,10-phenantroline 1- 
hydrate PA-ACS, acetic acid glacial purissimum, sodium acetate 3-hy-
drate (RFE, USP, BP Ph. Eur.) and hydroxylammonium chloride (ACS, 
ISO) from Panreac. Cr(VI) determination was performed using 1,5- 
diphenylcarbazide ACS from Sigma-Aldrich and H2SO4, 95–97 % 
expertQ, ISO from Scharlau. All solutions were made with deionised 
water. pH was adjusted with HCl and NaOH 98 % ACS-ISO from 
Panreac. 

2.2. Materials 

The biomaterial used in this work (eucalyptus leaves) was collected 
in Galicia (Spain). Eucalyptus extract was prepared following the 
method described by Martinez-Cabanas et al. [15]. In brief the extract 

was prepared by reflux in deionised water with ground eucalyptus 
leaves for 40 min and a subsequent vacuum filtration. A full description 
of the process can be found at the reference provided. Further charac-
terization of the extract provided the following parameters: pH = 4.2 ±
0.2, reduction potential = 221,6 ± 6.1 mV with respect to an Ag/AgCl 
3 M reference electrode, conductivity = 430 ± 3 µS⋅cm− 1, turbidity =
54 NTU, organic carbon = 2082 ± 73 mg/L. 

2.3. Synthesis and functionalization of silica pellets 

The synthesis process of silica gel pellets is an adaptation of the 
method described by Martinez-Cabanas et al. [18]. 30 ml of 1.8 M 
Na2SiO3 solution was mixed with 30 ml of H2O. Then 3.6 ml of 4 M HCl 
was added to neutralize the solution. The mixture was stirred until 
polymerization began. Then, the formed gel was poured into a home-
made acrylic glass mould with holes of 7 mm in diameter and 5 mm in 
heigh. These gel pellets were dried on a stove (Memmert 
beschickung-loading model 100–800) for 24 h at 25 ºC. As a result, in 
hard and stable pellets are obtained. This material was designated as 
GSP. 

GSP was loaded with iron by a sorption process. About 0.3 g of GSP 
pellets were added to 50 ml of 250 mg⋅L− 1 Fe(II) solution in 100 ml 
conical flasks. Several flasks were prepared and agitated on a rotatory 
shaker (Edmund Bühler KS-15) for 24 h at 175 RPM and room temper-
ature. After this step, GSP pellets were removed from the solution by 
decantation. Pellets were dried for 24 h. This material was designated as 
GSP-Fe. 

GSP-Fe pellets were further treated before using it for decontami-
nation process. The treatment was performed submerging the material 
in a eucalyptus extract for 20 h at room temperature. Then pellets were 
rinsed twice with deionised water. This material was designated as GSP- 
Fe(0). 

2.4. Materials characterization 

Different experiments were carried out to characterize the material. 
Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray 
Spectroscopy (EDS) tests were done to GSP, GSP-Fe, GSP-Fe(0) pellets, 
and to GSP-Fe pellets after 2 elimination cycles, to examine the surface 
of the material and the distribution of adsorbed metals. N2 adsorption 
test were done to determine the surface area and porosity. XPS analyses 
were also done to GSP-Fe and GSP-Fe(0) to further characterize iron 
oxidation state. Iron concentration in solution was determined after 
treating the solution with a standard reduction method to reduce Fe(III) 
to Fe(II) [20] using NH2OH⋅HCl. An UV–VIS spectrophotometry stan-
dard method was used for iron measurements (Zuzi spectrophotometer 
model 4211/20) at 510 nm [20]. 

2.5. Effect of pH 

pH effect was tested on iron sorption, Cr(VI) elimination and total 
chromium sorption. pH of all solutions was adjusted with HCl or NaOH 
solutions as required. Effect on iron sorption was performed by addition 
of 0.1 g of GSP pellets to 50 ml of 25 mg⋅L− 1 Fe(II) solutions in conical 
flasks. pH was adjusted between 1 and 6. Flask were stirred for 24 h and 
175 RPM at room temperature. The effect on Cr(VI) elimination was 
performed by addition of 0.1 g of GSP-Fe(0) pellets to 50 ml of 100 
mg⋅L− 1 Cr(VI). pH was adjusted between 1 and 5. Chromium (VI) 
measurements were performed by a UV–VIS spectrophotometry stan-
dard method at 540 nm [21]. Total chromium was also determined by 
flame absorption (FAAS) (Varian SpectrAA-55B) at 428.9 nm. 

2.6. Kinetic studies 

Iron sorption equilibrium time was determined by addition of 0.2 g 
of GSP pellets to 100 ml of 85 mg⋅L− 1 Fe(II) solution. Experiments were 
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done at room temperature, natural pH (ca. pH 5), and stirring during 24 
h. Chromium equilibrium time was determined with 0.4 g of GSP-Fe(0) 
pellets and 100 ml of 75 mg⋅L− 1 chromium solution. Experiments were 
performed at room temperature, pH = 1 and stirring during 24 h. 

2.7. Equilibrium studies 

Effect of initial concentration on iron sorption and chromium elim-
ination was also analysed. 0.1 g of GSP pellets were added to 50 ml Fe(II) 
solution. Several solution concentrations were tested ranging from 40 to 
125 mg⋅L− 1. Experimental conditions were the same than in the kinetic 
studies. Similarly, chromium equilibrium studies were performed add-
ing 0.2 g of GSP-Fe or GSP-Fe(0) pellets to several 50 ml chromium 
solutions with concentrations between 10 and 300 mg⋅L− 1. 

The effects of temperature and ionic strength on Cr(VI) removal and 
total chromium adsorption have also been studied. 0.2 g of GSP-Fe(0) 
pellets were added to several 100 ml of 100 mg/L Cr(VI) solutions. 
The elimination process was performed at different temperatures (from 
10 to 52 ºC). In ionic strength studies, 0.2 g of GSP-Fe(0) pellets were 
added to several 100 ml of 100 mg/l Cr(VI) solutions with ionic 
strengths from 0.05 M to 0.5 M. Ionic strength was adjusted using KNO3 
as electrolyte. 

2.8. GSP-Fe(0) service life studies 

GSP-Fe(0) service life was studied by using the material in elimina-
tion process with subsequent Fe(0) regeneration with eucalyptus 
extract. 0.2 g of GSP-Fe(0) pellets were added to a 50 ml Cr(VI) solution. 
After the Cr(VI) elimination process, pellets were rinsed with deionised 
water and submerged in the eucalyptus extract as it is described in 

Section 2.3 to use them in a new elimination process. This procedure was 
repeated in three complete elimination processes. 

3. Results and discussion 

3.1. Materials characterization 

The first material synthetised, GSP, is snow-white in colour and 
powdery in appearance. GSP pellets have a diameter from 4 mm to 5 mm 
and a thickness from 1 mm to 1.5 mm. In the SEM image of this material 
(Fig. 1a) it can be seen that pellets have a rough surface. EDS analysis 
shows that this roughness is related to the presence of NaCl from the 
reaction between the Na2SiO3 and HCl used in the synthesis of the 
material. NaCl is deposited on the polymerised silica gel structure 
(Fig. 2). 

GSP was studied as a Cr(VI) adsorbent. GSP pellets were placed in 
contact with Cr(VI) solutions at different concentrations. The adsorption 
values ranged from –0.58 mg Cr(VI)/g GSP to 0.46 mg Cr(VI)/g GSP. So, 
adsorption on GSP was negligible. Consequently GSP was transformed 
by functionalisation with Fe(II). The resulting material, called GSP-Fe, 
has a distinct reddish-brown colour and its surface is no longer pow-
dery in appearance. The pellet size of this second material is also 
smaller, approximately 3 mm in diameter and 1 mm thick. The SEM 
image (Fig. 1b) shows a clear difference from the GSP shown in the 
Fig. 1a. The pellet surface does not have the same roughness, and in 
addition, there are plenty of small formations attached to the surface. 
The EDS analysis associates these formations to the Fe adsorbed on the 
pellet (Fig. 3a, b). EDS also show that there is no NaCl in the GSP-Fe, so it 
can be concluded that it is washed away in the Fe(II) solution used to 
functionalise the material. This is consistent with the decrease in the 

Fig. 1. SEM images of GSP (a), GSP-Fe (b), GSP-Fe(0) (c) and GSP-Fe after two elimination cycles (d).  
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pellet size that occurs during the functionalisation process. 
GSP-Fe was studied as a Cr(VI) remover and in this case, Cr(VI) 

adsorption was observed. The results of these studies are discussed in 
Section 3.2. However, to increase the amount of Cr(VI) removed, a 
second modification was made to the GSP-Fe by treating this material 
with a eucalyptus extract. The material obtained, GSP-Fe(0), has a dark, 
almost black colour. In contrast to what happened during the GSP 
functionalisation process, GSP-Fe(0) has the same pellet size as GSP-Fe. 
In addition the iron formations show no significant differences between 
Fig. 1b and c. Fig. 3c and d also show no significative changes from those 
shown in, Fig. 3a and b. This black colour is different from the colour of 
the material when the iron adsorbed on the material is mainly Fe(III) 
(reddish-brown) or when it is Fe(II) (blue-cyan). Black colour is also 
obtained when chemical reductants such as NaBH4 are used instead of 
eucalyptus extract. These observations, together with the black colour 
(characteristic of Fe(0)), are an indication that the eucalyptus extract 
acts as a natural reductant, reducing the iron to Fe(0) without altering 
the surface of the material. This fact agrees with the reduction capacity 
of this extract discussed in the bibliography [15] and with the experi-
mental data obtained from the extract (Section 2.2). Another experi-
mental evidence for the presence of Fe(0) in the material is that GSP-Fe 
(0) acts as a reductant in the Cr(VI) process described in Section 3.3.3, 
while GSP-Fe does not. 

Fig. 1d, which corresponds to the material after the Cr(VI) elimina-
tion process, is significantly different from Fig. 1c. The formations 
observed on the silicate surface have an agglomerated appearance. The 
EDS analysis performed to this material (Fig. 4) indicates the presence of 

both iron and chromium in the silicate surface. Chromium is preferen-
tially associated to iron spots because of the density of signals corre-
sponding to chromium is more important in those locations where iron is 
present. 

N2 sorption test were done using GSP-Fe(0) and GSP-Fe(0) after de Cr 
(VI) elimination process. The N2 adsorption and desorption experi-
mental data conform to a type 4 isotherm among those described by 
Brunauer et al. [22,23]. GSP-Fe(0) has a Brunauer–Emmett–Teller (BET) 
surface area of 481.8 m2•g− 1 and a pore volume of 0.55 cm3•g− 1. After 
the elimination process the values are very similar. A BET surface area of 
489.2 m2•g− 1 and a pore volume of 0.57 cm3•g− 1 were found in the 
material. 

Further information like optical images of all the synthetised mate-
rials (GSP, GSP-Fe, GSP-Fe(0), more SEM images and EDS analyses, N2 
adsorption figures and further parameters can be found in the Supple-
mentary material. 

3.1.1. Characterization of the iron of GSP-Fe and GSP-Fe(0) 
XPS analyses were done to GSP-Fe, GSP-Fe(0) and GSP-Fe(0) after Cr 

(VI) elimination. The main difference in the spectra of the three mate-
rials is that the C 1 s signal in GSP-Fe(0) spectrum (Fig. 5a, red) is much 
higher than in the other spectra. The organic material present in the 
GSP-Fe(0) plays an important role in the stability of the material, which 
is described in more detail in Section 3.2.1. The Fe characterization of 
the materials is shown in Fig. 5b, c, and d. Table 1 summarises the ratios 
of the oxidation states of iron in the materials. 

In GSP-Fe the main oxidation state is Fe(III) (Fig. 5b). However, this 

Fig. 2. EDS images of GSP. Coloured zones indicate the presence of each element. Na (red), Cl (cyan), Si (green), O (purple).  
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material was prepared using FeSO4 so when the GSP is immersed in the 
FeSO4 solution, a very fast oxidation of Fe(II) to Fe(III) occurs on the 
surface of the silica gel. 

An adsorption process of Fe(II) on GSP in an inert N2 atmosphere was 
carried out to confirm this oxidation. In this case, the GSP-Fe obtained 
did not show the reddish-brown colour but had a blue-cyan coloured 
surface. After removal of the inert atmosphere, the colour of these pellets 
turned reddish in a few hours, confirming that iron is oxidised on the 
surface of the silica gel owing to the presence of O2 dissolved in the 
FeSO4 solution. 

The XPS of GSP-Fe(0) shows that after the treatment with the 
eucalyptus extract there is a change in the oxidation state of iron. 
However, in the XPS spectrum (Fig. 5c), the peak corresponding to Fe(0) 
which appears between 706 and 707 eV was not observed. This could be 
because XPS is a surface technique, which goes from 2 to 5 nm deep. 
GSP-Fe(0) is a material in which the surface Fe(0) is easily oxidised, so 
the technique only finds the already oxidised iron. Even so, the analysis 
shows that there is a reduction of the iron present in the material, and 
there is experimental evidence to support that the extract reduces iron to 
Fe(0). 

Finally, after the Cr(VI) removal process the iron is oxidised again, 
being Fe(III) the main oxidation state (Fig. 5d). The organic signal of the 
material also decreases. This indicates that the reduction process carried 
out by the extract is reversed. 

3.2. Studies of the iron sorption on GSP: kinetics and equilibrium 

As it has been mentioned in the previous section, iron is key for the 
chromium elimination process, so the interaction between iron and GSP 
was further studied by reaction kinetics, pH dependency, adsorption 
isotherms and stability assays. 

Kinetic studies were performed to establish iron sorption equilibrium 
time. Most of the iron sorption (80 %) occurred in the first 5 h and 
equilibrium was reached in 15 h. Considering these observations, we 
decided to keep the reaction during 24 h for the iron loading process to 
ensure maximum iron sorption. Kinetics were fitted using a pseudo- 
second order model [24] with the following expression 

c = co −
q2

ekt
(1 + kqet)

∗
m
V

(1)  

where c is the metal concentration at time t in mg⋅L− 1, co is the initial 
metal concentration (mg⋅L− 1), qe is the sorption capacity at equilibrium 
in mg⋅g− 1, t is the time in h, m is the sorbent mass in g, V is the solution 
volume in L and k represents the pseudo-second order rate constant 
(g⋅mg− 1⋅h− 1). Pseudo-second order parameters are shown in Table 2 and 
the kinetics plot can be found in the Supplementary material. This fitting 
model was chosen because it is commonly used in adsorption studies 
providing good results, and it correctly fits the experimental data. 

After the determination of the equilibrium time for iron sorption, pH 
dependence studies were performed to find out the conditions of the 
maximum iron sorption capacity. Natural pH of the iron solution with 
GSP ranges from 5.4 at [Fe(II)] = 50 mg⋅L− 1 to 5 at [Fe(II)] 

Fig. 3. EDS images of GSP-Fe (a, b) and GSP-Fe(0) (c, d). Coloured zones indicate the presence of each element. Si (cyan), Fe (red).  
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= 250 mg⋅L− 1. As Fig. 6a shows, above pH 4, adsorption increases 
strongly as pH increases. This fact could be explained by the protonation 
of oxygens of the GSP surface at low pH values. A high concentration of 
protons prevents iron from being retained on the surface by interaction 
with the oxygens. When pH is above 6, iron begins to form hydroxides 
[25] which precipitate in the reaction medium, so no iron is available to 
be adsorbed onto the GSP pellets. Natural pH conditions (from 5.4 to 5) 
provide high sorption without the hydroxide formation problem, so 
these conditions were selected to continue the experiments on iron 
sorption. 

Finally, equilibrium studies were performed to determine the ma-
terial sorption capacity. The sorbent materials employed in this study 
were prepared as pellets. This arrangement makes extremely difficult 
weighing the same amount of material twice with the precision require 
in adsorption experiments. This difference in weight would affect to 
both the concentration of adsorbate at equilibrium and the amount of 
pollutant removed from solution (i.e., x-axis variable and y-axis variable 
in an isotherm plot). All the equilibrium experiments were done dupli-
cating the isotherms at different concentrations to overcome this prob-
lem, rather than trying to duplicate the weight of sorbent. Those 
isotherms duplicates have been represented in one single plot, showing 
in all cases the same isotherm trend between duplicates. 

Experimental data were fitted using Langmuir model, Langmuir- 
Freundlich model and the model described by Sellaoui et al. [26] for a 
monolayer sorption and one energy site: 

q =
Qo

1 + (c½ ⁄ c)n (2)  

where q is the metal amount adsorbed at equilibrium time in mg⋅g− 1, Qo 
is the maximum adsorption capacity (mg⋅g− 1), c is the equilibrium metal 
concentration in the solution (mg⋅L− 1), c½ is the concentration at half 
saturation of the material (mg⋅L− 1) and n is the number of atoms per 
adsorption site. Fig. 6b shows the fitting curve, and fitting values are 
summarised in Table 3. The three models provide similar Q0 values, 
being equal in the Langmuir-Freundlich and Sellaoui models. Iron 
sorption by GSP (24.5 mg⋅g− 1) is more efficient than iron adsorption by 
commercial silica (2.31 mg⋅g− 1) [27]. As Fig. 6b shows, GSP has a very 
high affinity for iron which is observed by the nearly vertical slope 
before saturation. The material presents a good adsorption capacity and 
reaches saturation with low iron concentrations. This is a remarkable 
behaviour, because it allows the functionalisation of GSP with low Fe(II) 
concentration solutions, minimising the waste of Fe(II) in the process. 
This high affinity also allows iron to remain adsorbed during the 
decontamination process. Adsorption energy is an indication of the af-
finity between adsorbent and adsorbate. This value can be related to the 
concentration at half saturation and to the solubility (cs) of the adsorbate 
according to the following Equation [28]: 

E = RTln
cs

c½
(3) 

Fig. 4. EDS images of GSP-Fe(0) after two elimination cycles. Coloured zones indicate the presence of each element. Si (green), Fe (cyan), Cr (yellow - green).  
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The cs values used for the energy calculations were provided by the 
reagent manufacturer (FeSO4 = 400 g⋅L− 1, K2Cr2O7 = 115 g⋅L–1). As 
Table 3 shows, adsorption energy of iron with GSP is important, larger 
than that found for other types of compounds adsorbed on similar sup-
ports (6.18–12.0 kJ⋅mol− 1) [29], or other polymeric materials 
(19.71–33.22 kJ⋅mol− 1) [28]. This large adsorption energy agrees with 
the high affinity of GSP for Fe shown in Fig. 6b. The adsorption energy 
value is less than 40 kJ⋅mol− 1, indicating that the adsorption process of 
Fe on GSP is a physisorption process [30]. 

The amount of iron adsorbed on GSP-Fe was confirmed by desorption 
using concentrated HCl (pH < 1). The mass of iron desorbed (24.8 
± 0.6 mg Fe/g GSP-Fe) was consistent with the value of iron adsorbed 
on GSP-Fe obtained from the adsorption isotherm (24.5 ± 0.2 mg Fe/g 
GSP-Fe). 

Further information, such as the Fe(II) sorption experimental data 
fitted using the Langmuir and Langmuir-Freundlich models can be found 
in the Supplementary material. 

3.2.1. Stability of GSP-Fe(0) and GSP-Fe 
Stability of the materials was tested in different solutions. 0.2 g of 

GSP-Fe(0) was submerged into 50 ml of deionised water, 50 ml of 
deionised water acidified with different acids (HCl, H2SO4) up to pH 1, 
and 50 ml mixtures of deionised water and commercial acids (HCl, 
H2SO4, HNO3, 50 % water and 50 % of the commercial acid). Flasks 
were stirred at 200 RPM in a rotatory shaker. After a week, GSP-Fe(0) 
pellets submerged in deionised water did not undergo any change, 
while the GSP-Fe(0) pellets submerged in the pH 1 HCl solution recov-
ered the reddish-brown colour, characteristic of GSP-Fe material. Total 
Fe of the deionised water flask and pH 1 HCl flask was measured. Results 

Fig. 5. a) Whole XPS spectra of GSP-Fe (blue), GSP-Fe(0) (red) and GSP-Fe(0) after Cr(VI) removal (green). b – d) XPS iron signals of GSP-Fe (b), GSP-Fe(0) (c) and 
GSP-Fe(0) after Cr(VI) removal (d). For b – d: Fe2p3+ (red), Fe2p3+ satellite (purple), Fe2p2+ (green), Fe2p2+ satellite (orange). 

Table 1 
Fe oxidation states of the materials synthesised in this work provided by XPS 
analyses.  

Oxidation 
State 

GSP-Fe GSP-Fe (0) GSP-Fe (0) after Cr 
(VI) removal 

Peak 
BE 

Relative 
% 

Peak 
BE 

Relative 
% 

Peak 
BE 

Relative 
% 

Fe2p Fe2+ 710.36  23.22  709.83  41.51  709.87  17.59 
Fe2p Fe3+ 712.25  41.54  711.86  15.48  711.48  40.03 
Fe2p Fe2+

Satellite  
715.2  10.66  714.45  34.03  713.98  19.5 

Fe2p Fe3+

Satellite  
718.87  24.58  719.48  8.98  718.65  22.87 

Fe3+/ Fe2+

Ratio    
1.952    0.324    1.696  

Table 2 
Kinetic parameters obtained from pseudo-second order fitting of iron sorption 
(Figure S 5) and Cr(VI) elimination (Figure S 6). Figures can be found in the 
Supplementary material.  

Kinetic parameters Pseudo second order model 

Element co 

(mg•L− 1) 
pH qe 

(mg⋅g− 1) 
k 
(g⋅mg− 1⋅h− 1) 

R2 

Iron  85 Nat. 27.0 ± 0.3 19.4•10− 3 ± 1.0•10− 3  0.993 
Cr(VI)  75 1 246 ± 4 115•10− 3 ± 9•10− 3  0.989  
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showed that less than 1 % of the iron adsorbed in the pellets was released 
to solution, so the material is very robust in the experimental solution. 

On the contrary, GSP-Fe(0) was not stable in H2SO4 solution. After 
12 h in a pH 1 solution, pellets lost the reddish-brown colour gained 
during the iron load. This fact happened faster when the acid concen-
tration increased. The material was also unstable in concentrated HCl 

and HNO3, but the degradation process was slower than in H2SO4. 
GSP-Fe is stable in deionised water, but in a pH 1 HCl solution it also 

loses the characteristic iron colour after two days. This difference in 
stability indicates that during the treatment with the eucalyptus extract, 
where GSP-Fe is transformed to GSP-Fe(0), an organic matter layer is 
formed on the pellets. These organic compounds retained in the GSP-Fe 

Fig. 6. (a) pH dependence of Fe sorption on GSP. Material dose 2 g⋅L− 1 and room temperature. Fe(II) initial concentration: 25 mg⋅L− 1. (b) Equilibrium experimental 
data of Fe sorption on GSP. Material dose 2 g⋅L− 1, natural pH (5.4–5) and room temperature. Solid line was obtained by fitting to Eq. 2. 

Table 3 
Equilibrium fitting parameters for the metals studied. Qo represents the maximum adsorption capacity; The last column is referred to the Cr(VI) amount that the GSP- 
Fe(0) can remove from the solution by the full reduction and adsorption process.  

Isotherm model Fe (II) 
Sorption 

Cr (VI) 
Sorption 

Total Cr 
Sorption 

Cr (VI) 
Elimination 

Langmuir Qo (mg•g− 1) 24.65 ± 0.13 106 ± 6 282 ± 8 – 
b (L•mg–1) 4.5 ± 0.3 9.7•10− 3 ± 1.3•10− 3 14.9•10− 3 ± 1.1•10− 3 – 
R2 0.983 0.991 0.996 – 

Langmuir- 
Freundlich 

Qo (mg•g− 1) 24.52 ± 0.15 154 ± 32 279 ± 18 – 
b (L•mg–1) 3.5 ± 0.6 4•10− 3 ± 2•10− 3 15•10− 3 ± 2•10− 3 – 
n 0.83 ± 0.12 1.33 ± 0.14 0.98 ± 0.09 – 
R2 0.985 0.997 0.995 – 

Sellaoui 
(Eq. 2) 

Qo (mg•g− 1) 24.5 ± 0.2 153 ± 32 279 ± 18 – 
n 1.2 ± 0.2 0.75 ± 0.08 1.02 ± 0.09 – 
c1/2 (mg•L− 1) 0.28 ± 0.05 256 ± 139 65 ± 10 – 
R2 0.985 0.997 0.995 – 
E (kJ•mol− 1) 34.5 14.9 – – 

Elimination by 
the full process 
(Reduction- 
adsorption) 

Qo (mg•g− 1) – – – 383 ± 16  

Fig. 7. TGA graphs of GSP-Fe(0) decomposition in O2 (left, green) and N2 (right, red) and DTG (derivative thermogravimetry, black).  
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(0) pellets act as capping agents, which contributes to stabilise the iron 
fixed on the material in acidic media. Analyses performed to aqueous 
extracts of eucalyptus indicate that there are a wide variety of com-
pounds in its composition [31,32] (eucalyptol, pinene, 1,8-Cineole, 
among many others). Using the Folin-Ciocalteu method it was found 
that that these compounds include significant number of polyphenols, 
and by measuring the DPPH Radical Scavenging Capacity, it was 
observed that the compounds present in the extract possess antioxidant 
activity [33,34]. These compounds are the responsible of the reduction 
of iron in the silica gel pellets. 

A Thermogravimetric Analysis (TGA) was carried out to check and 
quantify the presence of organic matter on the GSP-Fe(0) pellets (Fig. 7). 
The TGA graph presents an indicative slope of multi-step decomposition. 
In a first step, between 20 ºC and 170 ◦C, a mass decrease of about 14 % 
is observed in both inert and oxidant atmosphere, associated with water 
loss. In a second step, between 170 ºC and 340–360 ºC, a mass loss of 
about 3 % in the presence of oxygen and 2 % in the presence of nitrogen 
is observed. This mass loss is associated to decomposition of organic 
matter by combustion in presence of oxygen and by pyrolysis in presence 
of nitrogen. The IR gas analyses confirm this hypothesis. Within this 
temperature range, in the presence of oxygen, O––C––O stretching sig-
nals appear at 2360 and 2321 cm− 1 [35,36]. Those signals are not 
present in an inert atmosphere (N2). In addition, XPS analysis of GSP-Fe 
(0) confirms the existence of organic matter in the material. 

The results support our suggestion that organic matter plays an 
important role in GSP-Fe(0) stability and confirm that the green syn-
thesis approach is key in the preparation of a stable and functional 
material. 

3.3. Chromium elimination studies: kinetics and equilibriums 

3.3.1. Cr(VI) interaction with GSP 
Experiments were designed to eliminate as much as possible of the 

most toxic chromium species, that is Cr(VI). During the equilibrium 
studies using GSP, no Cr(VI) sorption was observed. This fact confirms 
that the GSP role in the removal process is only to retain iron immobi-
lised in its surface and it does not interact with chromium. Immobilised 
iron is the species that reacts with chromium in the elimination process. 
For this reason, equilibrium experiments of chromium elimination were 
studied, and they were referred to iron present in the pellets. 

3.3.2. Cr(VI) sorption by GSP-Fe 
Cr(VI) sorption was studied using GSP-Fe. Fig. 8a shows the exper-

imental data fitted using Eq. 2, and the maximum sorption capacities 
(Qo) for Cr(VI) of the three isotherm models (Langmuir, Langmuir- 
Freundlich and Sellaoui model) are shown in Table 3. In this case, the 
Langmuir model provides a value of Q0 different from the value pro-
vided by the Langmuir-Freundlich model and the Sellaoui model. 
Moreover, although Langmuir-Freundlich and Sellaoui models describes 
properly the experimental data, they give a large error in the Qo 
parameter because the saturation zone of the isotherm is clearly not 
reached. The large error obtained in the parameters c½, and b is also 
associated with the absence of a saturation of the material. The c½ 
parameter is defined as the concentration of adsorbate in solution when 
the adsorbent has half of the adsorption positions occupied, so if the 
saturation zone is not reached, this parameter cannot be calculated 
accurately. The parameter b in the Langmuir-Freundlich model is the 
reciprocal of c½. Sorption energy (Table 3) was calculated using Eq. 3. 
Fig. 8b shows the Cr(VI) elimination percentages in solutions with 
different Cr(VI) concentrations. As we mentioned in the previous sec-
tion, no Cr(VI) sorption was observed using GSP which means that Cr 
(VI) is adsorbed over iron present on the GSP-Fe pellets. The adsorption 
energy values agree with this observation, as the adsorption energy of Cr 
(VI) is much lower than that of iron and does not favour the displace-
ment of Fe(III) ions. 

3.3.3. Cr(VI) elimination by GSP-Fe(0) 
Further studies were carried out to study the elimination process of 

chromium by GSP-Fe(0). As we mentioned before, the purpose of the 
process is to eliminate as much Cr(VI) as possible. pH studies showed 
that the maximum Cr(VI) elimination is achieved under acidic condi-
tions (pH = 1) (Fig. 9). As it can be seen in Fig. 9, Cr(VI) elimination 
decreases significantly with the increase of the pH, disappearing when 
the pH is higher than 5. 

GSP-Fe(0) suffers a colour reversal from black to the characteristic 
red of the GSP-Fe during the removal process. This colour change im-
plies the reversal of the process performed by the eucalyptus extract, re- 
oxidizing Fe(0) to Fe(III). The oxidation implies a reduction process of 
the K2Cr2O7 acidic solution. This fact was confirmed during the exper-
iments where Cr(VI) and total chromium measurements were done by 
UV–VIS and FAAS spectroscopy respectively. More total chromium than 
Cr(VI) was found in the reaction medium. This means that a fraction of 
the initial Cr(VI) was reduced to Cr(III), which agrees with the colour 

Fig. 8. (a) Equilibrium experimental data. ( ) Cr(VI) adsorption by GSP-Fe. ( ) Cr(VI) maximum elimination by GSP-Fe(0). ( ) Total chromium adsorption by GSP- 
Fe(0). Solid lines were obtained by fitting to Eq. 2.(b) ( ) Cr(VI) elimination percentages by GSP-Fe. ( ) Cr(VI) elimination percentages by GSP-Fe(0). GSP-Fe/Fe(0) 
dose 4 g⋅L− 1 equals to 98 mg⋅L− 1 of Fe, pH 1, room temperature and agitation at 175 RPM for all the experiments. Initial Cr(VI) concentration from 10 to 300 mg⋅L− 1. 
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change observed in the GSP-Fe(0) pellets. The following reaction is 
proposed. 

Cr2O2−
7 + 2Fe+ 14H+⇄2Cr3+ + 2Fe3+ + 7H2O (4) 

As it is indicated in Section 3.1, Cr(VI) sorption was observed on GSP- 
Fe pellets, so the full chromium elimination process when GSP-Fe(0) is 
used consists of a combined reduction-adsorption process. First, a 
reduction process of the Cr(VI) to Cr(III) where the Fe(0) contained in 
the GSP-Fe(0) is oxidised to Fe(III). Second, a fraction of the Cr(VI) 
remaining in the solution is absorbed by the Fe(III) generated by the 
oxidation. This agrees with the results from EDS images in Fig. 4, which 
shows that chromium is preferentially adsorbed in the Fe-dominated 
zone. 

Kinetic studies showed that equilibrium is reached in approximately 
20 h. Colour change occurs during the first hour and most of the reaction 
takes place in 7 h. Kinetic reaction was fitted to the pseudo-second order 
model. Pseudo-second order parameters are shown in Table 2 and the 
kinetics plot can be found in the Supplementary material. 

The chromium elimination process is not a pure adsorption reaction, 
so equilibrium studies between GSP-Fe(0) and Cr(VI) were divided into 
several stages: Cr(VI) elimination by the reduction-adsorption process, 
total chromium adsorption capacity and Cr(III) adsorption. In the case of 
Cr(VI) elimination, the data from the equilibrium studies cannot be 
fitted to a pure adsorption model; consequently, percentage removal 
rates and elimination capacities without further fitting were calculated. 

As Fig. 8b shows, 0.2 g of GSP-Fe(0) containing approximately 
4.9 mg iron achieves 100 % removal of Cr(VI) in 50 ml solution up to 
25 mg⋅L− 1 which is far superior to the elimination of Cr(VI) by GSP-Fe. 
In Fig. 8a, it can be seen that the amount of Cr(VI) removed per g of Fe 
(q) increases with the concentration of Cr(VI) in solution with an 
isotherm trend, reaching a plateau, indicating that the material reaches 
saturation. From this plateau, the maximum Cr(VI) elimination that 
GSP-Fe(0) achieved by the combined adsorption-reduction process is 
obtained (Table 3). 

The maximum amount of Cr(VI) removed by reduction 
(230.21 mg⋅g− 1; 4.42 mmol⋅g− 1) can be calculated by subtracting the 
amount of Cr(VI) adsorbed (153 mg⋅g− 1; 2.94 mmol⋅g− 1) from the 
maximum amount of Cr(VI) removed (383.21 mg⋅g− 1; 7.37 mmol⋅g− 1). 
This quantity indicates a ratio of 0.5: 2 between Cr(VI) and Fe(0), 
although the stoichiometric ratio of the reduction reaction is 2: 2 (Eq. 4). 
Two hypotheses are suggested to explain the reason why the 

experimental ratio is lower than the stoichiometric ratio. 
A secondary reaction of H+ reduction by Fe(0) (Eq. 5) can occur due 

to the presence of a high concentration of H+ in the reaction medium, as 
it is suggested in other studies [14,27]. 

Fe+ 2H+→Fe2+ +H2(g) (5) 

This reaction is considered secondary in the Cr(VI) removal process 
because during the stability studies, GSP-Fe(0) pellets were submerged 
into an HCl solution at pH 1 for a long time until the disappearance of 
the characteristic black colour of GSP-Fe(0) and the appearance of the 
red colour of GSP-Fe. The time is longer (12–24 h) than Cr(VI) elimi-
nation process (approximately 60 min). Colour change does not happen 
when deionised water is used instead of the HCl solution. Fe(II) gener-
ated in this reaction can be rapidly oxidised to Fe(III) on the surface of 
the material as occurs during the adsorption process. 

On the other hand, not all the Fe(III) adsorbed on the pellets might be 
accessible to the extract. In this situation, the treatment with the extract 
does not produce the maximum amount of Fe(0) possible regarding the 
Fe(III) present in the material, decreasing the amount of Cr(VI) removed 
by reduction. 

3.3.4. Total chromium sorption by GSP-Fe(0) 
Cr(VI) is mainly eliminated by a process that consists of a reduction 

of Cr(VI) to Cr(III), so during the equilibrium studies total chromium 
sorption was also analysed. Cr(VI) removed by reduction remains in the 
reaction medium as Cr(III). However, when total chromium (Cr(VI) and 
Cr(III) in solution) was analysed, it was found that the concentration at 
the equilibrium was lower than the initial Cr(VI) concentration. A 
fraction of the total chromium must therefore be retained in the material 
by adsorption. The adsorption model described in Eq. 2 was used to fit 
the data. Fig. 8a shows total chromium adsorption fitted using Eq. 2, and 
the fitting parameters obtained with the three isotherm models are 
summarised in Table 3. All models describe properly the experimental 
data. In this case, the error obtained for the parameter Qo is higher than 
the one obtained in the equilibrium of the iron adsorption by GSP, but 
lower than in the Cr(VI) sorption process by GSP-Fe due to the fact that 
the saturation zone of the isotherm is not clearly defined, unlike in the 
process between Fe and GSP where a plateau is clearly seen (Fig. 6b). 
Although the saturation zone is not well defined, the end of the isotherm 
is very close to this zone, so the c½ and b parameters have a much lower 
error than in the case of Cr(VI) adsorption. 

Finally, the effects of temperature and ionic strength on the 
adsorption process was studied. Results showed that in the temperature 
range studied (10–52 ºC) there were no differences in the adsorption 
values. At higher temperatures, degradation of the material was 
observed, so it is not feasible to study the effect at temperatures above 60 
ºC. In similar adsorption studies, we have also observed that there is no 
noticeable influence of temperature on the adsorption process [37–39]. 
There is also no significant difference in the values obtained for Cr(VI) 
removal and total chromium adsorption in the range studied (I from 
0.05 M to 0.5 M). The value of I = 0.05 M corresponds to the ionic 
strength in the elimination process without adding electrolyte. 

Further information can be found in the Supplementary material: Cr 
(VI) and total chromium sorption experimental data fitted using Lang-
muir and Langmuir-Freundlich models, temperature effect experimental 
data and the experimental data of the influence of the ionic strength. 

3.3.5. Cr(III) sorption by GSP-Fe(0) 
When the equilibrium between GSP-Fe(0) and Cr(III) at pH 1 was 

studied, it was observed that there was no adsorption of Cr(III) on the 
material. However, due to the difference observed in the Fig. 8a between 
the adsorption of total Cr by GSP-Fe(0) and the adsorption of Cr(VI) by 
GSP-Fe, an experiment was designed to check if the presence of Cr(VI) 
adsorbed on the pellets could favour the adsorption of Cr(III). Results 
confirmed the presence of Cr(III) adsorbed on the pellets that had 

Fig. 9. Effect of pH on Cr(VI) elimination by GSP-Fe(0). GSP-Fe(0) dose 
2 g⋅L− 1. Initial Cr(VI) concentration 100 mg⋅L− 1, room temperature and agita-
tion at 175 RPM. 
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previously adsorbed Cr(VI), indicating that Cr(III) is adsorbed in the 
areas where Cr(VI) is present. Fig. 10 shows the proposed scheme for the 
chromium elimination process. 

3.3.6. GSP-Fe(0) service life 
A test was carried out with GSP-Fe(0) to check how many times it can 

be used efficiently to eliminate chromium by regenerating the Fe(0) 
with eucalyptus extract (Fig. 11). The process was the same as in the 
equilibrium studies. 0.2 g of GSP-Fe(0) were immersed in Cr(VI) solu-
tions at pH 1 for 24 h. When equilibrium was reached, the chromium 
solution was removed, and the material was treated again with euca-
lyptus extract to regenerate the Fe(0). After the treatment, the material 
was immersed in a new Cr(VI) solution with the same initial concen-
tration as the previous one. In the first elimination, GSP-Fe(0) results 
were similar to those obtained in the equilibrium studies. In the second 
elimination, Cr(VI) removal efficiency decreased by 27.5 %, while the 

adsorption of total Cr was maintained. After this cycle, a SEM analysis 
was done (Fig. 1d). In the third elimination, Cr(VI) removal decreased 
by 59 % compared to the first elimination, and total chromium 
adsorption decreased by 15 %. The efficiency of the reduction step is 
affected by the increased presence of Cr(VI) in the material throughout 
the cycles. Cr(VI) may decrease the efficiency when treating the material 
with eucalyptus extract to regenerate Fe(0), as it is a strong oxidant. In 
the case of chromium adsorption, the performance starts to decrease 
when the material is saturated. 

3.3.7. Material stability after the elimination cycles 
Different tests were done to check the stability of the materials after 

the elimination cycles. No mechanical degradation or iron release into 
the solution was observed. The GSP-Fe(0) pellets were weighed before 
and after the elimination cycles. 0.1239 g of GSP-Fe(0) weighed 
0.1218 g after the cycles, hence a negligible weight loss was observed. 
GSP-Fe(0) diameter and thickness were also checked. An average 
diameter of 3 mm was measure both before and after sorption cycle. The 
thickness of the pellets also remains constant, being 1 mm. After the 
three cycles, a BET surface area of 402.7 m2•g− 1 and a pore volume of 
0.50 cm3•g− 1 were found. These values are slightly lower than the ones 
found for the plain GSP-Fe(0) (481.8 m2•g− 1 and 0.55 cm3•g− 1), which 
is attributable to the decrease in the surface area due to chromium 
adsorption. In conclusion a good mechanical stability of the material 
was observed after three sorption cycles. 

3.3.8. Material performance 
Table 4 shows the good results obtained for the removal of Cr(VI) and 

total chromium. GSP-Fe(0) surpasses other low-cost materials [40–43] 
and materials used in industry for Cr(VI) treatment such as NaHSO3 
without generating sludge as by-products of the process [44]. Results are 
good even after three elimination cycles (157.12 mg⋅g− 1, 
3.02 mmol⋅g− 1). This material has another important advantage among 
other substances used to remove chromium. It can reduce chromate to 
Cr(III) and adsorb both species without the need for modifications to the 
reaction medium (e.g. changing the pH or adding a reagent) between the 
reduction and adsorption processes [27]. GSP-Fe(0) is stable in the re-
action medium and is easily removed from it when reaction has finished 
by decantation or filtration. The main limitation of the material is the 
amount of iron that it can adsorb. Increasing the ratio of iron per mass of 

Fig. 10. Schematic diagram of the Cr(VI) elimination process performed by GSP-Fe(0).  

Fig. 11. Material service life. Left bar (orange), elimination percentages of Cr 
(VI) for each elimination cycle. Right bar (green), elimination percentages of 
total chromium for each elimination cycle. GSP-Fe(0) dose 4 g⋅L− 1, pH 1, room 
temperature and agitation at 175 RPM. Initial Cr(VI) concentration 50 mg⋅L− 1. 
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silica gel as much as possible will grant high chromium removals with 
small amounts of Supporting material. This can be achieved by reducing 
the pellet size to increase the surface exposed, although it could affect 
the stability of the pellet. To avoid problems that may arise, such as 
breakage of the material at the time of hydration, an improvement of the 
pellet stability may be required by increasing its mechanical strength, so 
that it remains stable in the reaction medium. 

4. Conclusions 

Fe(0) dopped silica material provides good results as a Cr(VI) 
remover (383.21 mg Cr⋅g− 1 Fe(0)). GSP is cheap and easy to produce, 
and it has a high affinity for iron, with a high adsorption energy. 

The functionalised material (GSP-Fe(0)) is stable in the reaction 
media due to the organic matter acting as a capping agent. This organic 
layer is retained in the material during the treatment with eucalyptus 
extract, which means that the green synthesis approach is key in the 
preparation of a stable material. GSP-Fe(0) can be used for several 
elimination cycles with good results (from 383.21 mg Cr(VI)⋅g− 1 Fe(0) 
in the first cycle down to 157.12 mg⋅g− 1 in the third one). 

The most relevant feature of GSP-Fe(0) is its ability to achieve high 
Cr(VI) eliminations by a combined reduction-adsorption process in a 
single step, without the need to vary the conditions of the medium. 
Besides this reaction does not produce by-products such as sludge, which 
are produced by other chemical decontamination methods. In addition, 
it is easily removable from the medium after the process by filtration or 
decantation, which is the main problem associated to the use of nano-
particles as adsorbents. 

Fe(0) is the active species that works as Cr(VI) remover while GSP 
only acts as a Supporting material. Owing to this reason, it is interesting 
to increase the maximum amount of Fe adsorbed on the GSP pellets to 
achieve high Cr(VI) removal rates using as less material as possible. This 
can be achieved by reducing the pellet size, which would increase the 
adsorption surface area. 

GSP-Fe(0) is simple to produce, inexpensive and easy to handle. 
These properties are a major advantage over other materials that are 
much more complex or expensive to produce, and which achieve a 
similar performance. 

These advantages make GSP-Fe(0) a good candidate to be studied as 
a packing in adsorption columns. 
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