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Abstract: This research examined a scenario for the recovery of a high-capacity Cr(VI) adsorbent,
consisting of Sn6O4(OH)4, after reaching its operational lifetime. To accomplish this target, a sequence
of processes involving the spent adsorbent’s decomposition, the separation of Sn/Cr ions, and
Sn6O4(OH)4 reconstruction was investigated. Characterization of the saturated adsorbent indicated
its extended oxidation to SnO2 during its use according to the occurring Cr(VI) to Cr(III) reduction
mechanism, which is responsible for the loading of 19 mg Cr/g. To decompose saturated adsorbent,
the optimized process involved the dissolution by HCl using a solid concentration of 10 g/L, a solid
to acid mass proportion of 1:20, an increase of the temperature at 75 ◦C. Such conditions brought
a dissolution rate of more than 95% and 92.5%, respectively, of the total Sn and Cr in the spent
adsorbent. Then, separation of Cr was succeeded by the addition of hydrazine, which acts as a
reducing agent for the transformation of Sn(IV) to Sn(II); the precipitation of Cr(III) at pH 3, and the
reconstruction of Sn6O4(OH)4 in a second step after increasing pH to 7. The recovered adsorbent
stabilized a higher percentage of Sn(II) than the initial material, which explains the improvement of
the removal efficiency by 50% in the Cr(VI) adsorption capacity.

Keywords: adsorbent recovery; tin oxy-hydroxide; Cr(VI) removal; green chemistry; circular economy

1. Introduction

The dramatic decrease in raw materials availability and the extremely large quan-
tities of wastes are considered the price paid to support the industrial revolution and
improvement in the standard of living during the last decades. Based on the linear model of
economy, people collect natural resources, prepare products, and dispose of used products
back to nature. However, the increase of public awareness in environmental protection, the
world economic crisis, and the need of communities to remain self-sufficient initiated poli-
cies for the establishment of a regenerative system in which wastes, emissions, and energy
leakage are eliminated. Circular economy is an alternative concept where resources are kept
in use as long as possible by adopting actions of recovery, regeneration, remanufacturing,
and recycling [1–3]. Under this frame, very recently, authorities began to declare new
priorities in critical raw materials recycling [4]. For instance, the European Commission
promotes a new legislative proposal for wastes that will cover the full economic cycle of
end-of-life products rather than just their waste reduction [5,6].

Metals represent a major class of raw materials characterized as critical according
to their value, availability, mining difficulties, limited access to resources, and political
and market incidents. For this reason, metals reuse was one of the earliest actions taken
towards recycling [7]. Nevertheless, recycling rates remain at low levels. For example,
tin (Sn), a metal that combines high commercial price and consumption quantities, has
a recycling rate of just 20% [8]. Considering that the total production covering current
demand is around 3 × 105 tn/year, and the recoverable quantity available in the form of
wastes is 7.62 × 107 tn, one can understand the importance of designing new methods
that restore Sn in the economy cycle [9]. The main applications of Sn are found in metal
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technology for the preparation of solder, tin plating, metal alloys, and optoelectronics,
while its compounds (salts, oxides) can be used as catalysts, stabilizers, and additives
in several products [10,11]. Moreover, very recently, an Sn oxyhydroxide, Sn6O4(OH)4,
was successfully introduced in drinking water treatment technology as the first adsorbent
optimized for hexavalent chromium (Cr(VI)) removal [12]. The Sn6O4(OH)4 acts as an
electron donor that captures chromium on its surface in the Cr(III) form after the reduction
of Cr(VI) [13]. The considerable efficiency of this material to reduce Cr(VI) below the
upcoming regulation limit of 25 µg/L [14], together with the high worldwide concern
about the risks of Cr(VI) pollution, indicates that the use of similar products is going to
expand in the near future [15].

Unfortunately, although drinking water adsorbents comprise a facile and relatively
cheap solution to protect human health from toxic pollutants, currently, they are only used
as consumables having a specific lifetime of effective operation. At the end, the spent
material is a solid waste loaded with high quantities of toxic elements pending disposal
in some manner. The environmentally safe disposal in a landfill and the regeneration of
the adsorbent are the commonly applied approaches [16,17] depending on the type of the
adsorbed pollutant, the leaching possibility, and the cost of the spent adsorbent. Both ways
include the risk of secondary pollution either by long-term pollutant dissolution in the
landfill or the production of secondary liquid wastes that increase the overall effort and
cost during regeneration [18–20]. In the case of Sn-based adsorbents, the treatment options
are defined by the non-negligible market price of Sn [21] and the difficulty to regenerate
the adsorbent after the extended surface oxidation and severe composition modifications
that take place [13]. For these reasons, Sn recovery, following a method of reconstructing
the adsorbent to bring it back in its initial state, can stand as a viable alternative with
direct benefits in environmental protection, consumables’ cost reduction, and improvement
of Cr(VI) removal technology. Furthermore, the adoption of this strategy enables the
exploitation of Sn wastes and end-of-life products from other sources or applications.

This study addresses a comprehensive effort to establish a closed loop in the use
of Sn resources towards water treatment purposes. It involves a sequence of chemical
processes that (i) receive and decompose the spent Cr-adsorbent or other types of stannous
wastes, (ii) separate Sn from loaded pollutants, (iii) rebuild fully operative Sn6O4(OH)4,
and (iv) inertize Cr or other toxic species in the form of stable solids with technological
value.

2. Materials and Methods
2.1. Selective Separation of Sn from Spent Material and Reconstruction of Adsorbent

This component examined the conditions to achieve complete decomposition of spent
Sn-based adsorbent into the constituting ions (Sn(II) or Sn(IV) and Cr(III)) and the process
that selectively separates tin forms from the potentially toxic Cr(III). The spent adsorbent
was obtained after saturating granular Sn6O4(OH)4 with chromium in a short-term column
experiment feeding Cr(VI)-containing water [12]. After reaching its operational lifetime,
the residual solid was collected, washed, and dried under mild conditions before its use as
the input of the aforementioned recovery procedure. For the first objective, the adsorbent
was dissolved in a highly acidic environment in a stirring tank. The optimization of the
procedure was performed by examining the impact of parameters such as the dissolution
pH, the type of acid (HCl, H2SO4), the solid-to-acid proportion, the spent adsorbent
concentration, and the dissolution temperature. The separation between dissolved Sn and
Cr was studied using the outflowing solution in a second reaction system. In this stage,
the difference between the solubility constants of Sn(II) (Ksp Sn(OH)2 = 7 × 10−27), Sn(IV)
(Ksp Sn(OH)4 = 1 × 10−56), and Cr(III) (Ksp Cr(OH)3 = 7 × 10−31) was exploited to design
a sequence of precipitation steps. Initially, the reduction of Sn(IV) to Sn(II) was studied,
while subsequently, the gradual increase of the pH in the mixture allowed the separation
of Cr(III) in a first precipitation step and the recovery of solid Sn6O4(OH)4 in a second.
Reduction and stepwise precipitation were investigated in an integrative way to determine
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the optimum conditions for maximum separation ratio. The entire procedure is graphically
illustrated in Figure 1.
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2.1.1. Dissolution

For the dissolution experiments, a certain quantity of spent adsorbent (20–400 mg)
was dispersed in 20 mL of aqueous solution of HCl (37%, 1.19 g/mL) or H2SO4 (96%,
1.84 g/mL) in a beaker and stirred for a sufficient period of time (30 min). The assisting
role of temperature increase during the dissolution was also investigated for the range
25–75 ◦C.

2.1.2. Tin Reduction and Adsorbent Reconstruction

The dissolution of the spent adsorbent was followed by the reduction of Sn(IV) to
Sn(II). The reductants evaluated for this purpose were NaHSO3, Na2S2O4, Na2S2O5, and
N2H4·2HCl. In particular, the reductant was added in a stoichiometric ratio (for complete
reduction of Sn(IV)) to the spent adsorbent solution as obtained from the dissolution
process, and a 30 min stirring was applied. Subsequently, a gradual increase in solution pH
by the addition of NaOH allowed the separation of Cr(III) in a first precipitation step and
the recovery of solid Sn6O4(OH)4 in a second. Specifically, when the pH value reached the
examined value for the first stage (pH1) (2.5, 3, 3.5, and 4), the mixture was filtered, and the
solid was dried. The filtrate was then transferred to another beaker, where the addition of
the NaOH solution continued until the pH value increased to be examined for the second
stage (pH2) (5, 6, and 7). The mixture was then filtered, and the obtained solid was dried.
Before the drying of the solids, both in the first and in the second stage, washings were
carried out to remove water-soluble salts. The addition of extra quantity of reducing agent
(25% and 50%) was also evaluated. The solids obtained from the two precipitation stages
were mass measured, and the Cr and Sn content were determined by total dissolution and
flame atomic absorption measurement.

2.2. Characterisation of Materials

Since the initial structure and composition of the adsorbent were subjected to signifi-
cant modifications, as a result of the continuous oxidation, dehydroxylation, and chromium
incorporation, a detailed characterization step provided information towards the design
of the following processes. For this purpose, a combination of analytical and structural
characterization techniques was applied to the spent adsorbent. Respectively, since the
product of reconstruction procedure was meant for another cycle of drinking water treat-
ment, recovered material characterization was also performed. In particular, total tin and
chromium content was determined by atomic absorption spectroscopy (Perkin-Elmer AAn-
alyst 800) after acid dissolution, while the Sn(II) percentage was quantified by titration with
KMnO4 0.05 N. The structural characteristics were identified by X-ray diffraction (XRD),
thermogravimetric analysis (TG-DTA), Fourier-transformed infrared (FT-IR), and scanning
electron microscopy (SEM). XRD was performed using a water-cooled Rigaku Ultima+
diffractometer with CuKa radiation, a step size of 0.05◦, and a step time of 3 s, operating
at 40 kV and 30 mA. TG-DTA were collected by a Perkin-Elmer STA 6000 instrument in
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the temperature range 30–900 ◦C and at a heating rate of 20 ◦C/min and nitrogen flow.
Fourier-transformed infrared FT-IR spectra of the materials were recorded using a Perkin-
Elmer Spectrum 100 spectrophotometer. For the measurement, the powdered samples were
homogeneously mixed with KBr and pelletized. The obtained spectra were the result of
10 co-added scans with a resolution of 4 cm−1. SEM micrographs were obtained from a
Quanta 200 ESEM FEG FEI microscope.

2.3. Validation of Efficiency

This section provided a feedback for the developed adsorbent after the recovery
cycle concerning its ability to capture Cr(VI) and to maintain a similar capacity to the
adsorbent prepared from chemical reagents. The produced solid suspension was thickened
in an Imhoff tank, followed by washing, centrifuging, drying, grounding, and sieving of
the product in order to achieve either a fine powder (<63 µm) or granules (250–500 µm).
Obtained fine powder of the material was tested in a series of batch adsorption experiments
at 20 ◦C and equilibrium pH 6–8. A certain amount of adsorbent (10–35 mg) was dispersed
in 200 mL of Cr(VI)-containing distilled or test water (2500–7500 µg Cr(VI)/L) in a conical
flask and shaken for a sufficient period of time (24 h). Target pH values were adjusted by
the addition of drops of either NaOH or HNO3 during the first 2 h. The solid was separated
after the experiment by filtering through a 0.2 µm membrane filter, and the filtrate was
analyzed for residual chromium concentration. The test Cr(VI) solutions were prepared
in natural-like water (according to the National Sanitation Foundation, NSF standard) to
investigate the collective effect of commonly co-existing and possibly interfering ions and
compare the removal capacity with the corresponding one obtained by using distilled
water. For the preparation of 10 L of NSF water, 2.520 g NaHCO3, 1.470 g CaCl2 2H2O,
1.283 g MgSO4·7H2O, 0.706 g NaSiO3 5H2O, 0.1214 g NaNO3, 0.0221 g NaF, and 0.0018 g
NaH2PO4·H2O were dissolved in distilled water. Initial and residual Cr(VI) concentrations
were determined by the diphenyl-carbazide spectrophotometric method. The evaluation
of produced material as Cr(VI) adsorbent was focused on its ability to decrease residual
Cr(VI) concentration below 25 µg/L, the recently adopted maximum contaminant level for
chromium pursuant to EU Directive 2020/2184 on the quality of water intended for human
consumption [14].

Each experiment was performed in three replicates, and the average variation of
measured values was approximately within 5%; thus, the respective error bars are not
presented in the figures.

3. Results and Discussion
3.1. Characterization of Spent Adsorbent

Chemical characterization of spent adsorbent is presented in Table 1. To evaluate the
effect of chromium uptake on adsorbent’s properties, the results are compared to those for
the corresponding original material.

Table 1. Chemical analysis of original and spent adsorbent.

Adsorbent Sn(II) wt.% Sn wt.% Cr (mg/g)

Original 59 70 ND
Spent 3 70 19

As can be observed from the values of Table 1, the percentage of Sn(II) in the ad-
sorbent after its saturation decreased by 95%, indicating Sn(II) oxidation to Sn(IV) with
simultaneous reduction of Cr(VI) to Cr(III). The amount of Cr retained in the material was
calculated to 19 mg/g as also determined by the breakthrough curves for Cr(VI) adsorption
on granular Sn6O4(OH)4 in rapid small-scale column tests [12]. The oxidation of Sn(II) was
also verified by the comparison of the XRD diagrams of the adsorbent prior to (original)
and after its use (spent) for Cr(VI) removal from drinking water (Figure 2). XRD analysis
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indicated the occurrence of a single phase for the original adsorbent, a bivalent tin oxy-
hydroxide with the chemical structure of hydro-romarchite (Sn6O4(OH)4), while at the
spent adsorbent, SnO2 is formed. This is attributed to the conversion of Sn(II) to Sn(IV) and
the oxide formation.
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Figure 3 show the corresponding TG-DTA diagrams of the adsorbent before and
after its saturation. The TGA curve of original adsorbent indicates that the degradation of
Sn6O4(OH)4 with heating is a three-step process. In the first step, up to 100 ◦C, a weight loss
of 2.5% is observed due to the removal of naturally adsorbed water in the material, while
a further increase in temperature (100–250 ◦C) results in the removal of crystalline water.
The subsequent significant decrease in the sample’ weight (20%) is due to the dehydration
of Sn6O4(OH)4 to the formation of SnO [22].

Sn6O4(OH)4·nH2O(s)→ 6SnO(s) + (n + 2)H2O(g)
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The first two steps of the sample’s conversion with temperature, corresponding to
the removal of naturally adsorbed and crystalline water, can similarly be identified in the
TG-DTA diagram of the saturated adsorbent. The weight loss after 250 ◦C is attributed to
dehydration of tin hydroxide [23].
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FT-IR transmission patterns of the adsorbent prior to and after its use for Cr(VI)
removal are presented in Figure 4. Absorption peaks at 3395 and 1635 cm−1 are originated
from the vibration of hydroxyl [24]. In the spectrum of the saturated material, the bands at
approximately 950 cm−1 and 550 cm−1 can be attributed to the vibration of the Sn-O and
O-Sn-O stretching and bending modes of SnO2, respectively [25].
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The respective SEM images in Figure 5 provide further information regarding the
morphology and size of the material. The original adsorbent, with the hydro-romarchite
structure, consists of discernible spherical nanoparticles with a mean diameter of around
30 nm (Figure 5a). The long-term operation of the adsorbent in water treatment affects
its morphology, as the image of Figure 5b illustrates. In particular, the initially formed
nanoparticles tend to aggregate and form larger structural units, thus gradually decreasing
the specific surface area of the material and possibly its effectiveness.
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3.2. Selective Separation of Sn from Spent Material and Reconstruction of Adsorbent
3.2.1. Dissolution of Spent Adsorbent
Influence of pH

The effect of pH value on the dissolution of the spent adsorbent was studied for
hydrochloric (HCl) and sulfate (H2SO4) acid application. The experimental results are pro-
vided at Tables 2 and 3. The use of HCl for spent adsorbent dissolution led to insignificant
dissolution rates of Sn and Cr at least down to the examined pH value of 0.5. The applica-
tion of H2SO4 provided slightly better results with dissolved Sn and Cr but not exceeding
8% (weight of dissolved Sn for weight of spent material) and 0.7 mg/g (mg of dissolved
Cr per g of spent material), respectively, even for a pH value of 0.5 (Table 2). Applying
lower concentrations of adsorbent in the dissolution mixture improved the dissolution of
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Sn and Cr due to the increase of acid-to-solid ratio (Table 3). However, even for the lowest
adsorbent’s concentration, the dissolution rate was not sufficient, with dissolved Sn and Cr
reaching 9.6% and 1.7 mg/g, respectively (Table 3). Given that the concentrations of Sn and
Cr in the spent adsorbent are 70% and 19 mg/g, respectively, it becomes evident that a pH
value below 0.5 is required for dissolution optimization.

Table 2. Dissolved Sn and Cr in relation to dissolution pH for different acids (Cads: 10 g/L, T: 25 ◦C,
t = 30 min).

pH
HCl H2SO4

Sn (%) 1 Cr (mg/g) 2 Sn (%) 1 Cr (mg/g) 2

4 ND ND ND ND
3 ND ND ND ND
2 0.03% 0.05 ND ND

1.5 0.04% 0.05 ND 0.14
1 0.06% 0.08 0.14% 0.3

0.5 0.67% 0.15 7.63% 0.7
1 weight of dissolved Sn for weight of spent material; 2 mg of dissolved Cr per g of spent material.

Table 3. Dissolved Sn and Cr in relation to dissolution pH for different adsorbent concentrations
(acid: HCl, T: 25 ◦C, t = 30 min).

pH
Cads: 1 g/L Cads: 10 g/L

Sn (%) 1 Cr (mg/g) 2 Sn (%) 1 Cr (mg/g) 2

4 ND ND ND ND
3 ND ND ND ND
2 ND ND 0.03% 0.05

1.5 3.3% 0.5 0.04% 0.05
1 3.1% 0.6 0.06% 0.08

0.5 9.6% 1.7 0.67% 0.15
1 weight of dissolved Sn for weight of spent material; 2 mg of dissolved Cr per g of spent material.

Influence of Acid Type

The effect of acid type on the dissolution of the spent adsorbent was studied for
HCl and H2SO4 at a solid-to-acid ratio (mads/macid, calculated mass ratio of adsorbent to
acid) of 1:20 and adsorbent concentration of 10 g/L. The results of the experiments are
listed in Table 4. It is observed that, when equal amounts of acids are used, HCl dissolves
much greater quantities of Sn and Cr than H2SO4. In particular, about 30% more Sn is
dissolved from the spent adsorbent to the mixture, while for Cr, the dissolution is even
higher, with the dissolved concentration determined in the liquid mixture for dissolution
with HCl being more than 10 times greater than the one determined in the case of H2SO4
use. Thereafter, HCl was concluded as the optimum acid to be applied for the dissolution
of the spent adsorbent (Equation (1)):

SnO2 + 4HCl→ SnCl4 + 2H2O (1)

Table 4. Dissolved Sn and Cr in relation to the type of acid used for dissolution (Cads: 10 g/L,
mads/macid: 1:20, T: 25 ◦C, t = 30 min).

Acid Sn (%) 1 Cr (mg/g) 2

HCl 37.4 8.5
H2SO4 8.5 1.1

1 weight of dissolved Sn for weight of spent material; 2 mg of dissolved Cr per g of spent material.
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Influence of Solid-to-Acid Mass Proportion

From the results of the experiments on the effect of pH on the dissolution of the spent
adsorbent (Tables 2 and 3), it is concluded that much lower pH values are required to
optimize the process; that is, the amount of acid used should be significantly increased.
To determine the appropriate solid-to-acid ratio for the dissolution of Sn and Cr, a series
of experiments was carried out with the addition of different amounts of acid up to
the application of a concentrated acid solution. The results of these experiments are
presented in Table 5. As anticipated, an increase in the amount of acid used enhanced the
dissolution, with the application of concentrated acid leading to dissolution of 46.9% of Sn
and 18.6 mg/g of Cr. However, the use of concentrated acid is not recommended, mainly
for safety reasons, given that HCl is volatile. Therefore, the optimum solid-to-acid mass
proportion was obtained in combination with the dissolution temperature.

Table 5. Dissolved Sn and Cr in relation to solid-to-acid proportion used for dissolution (Cads: 10 g/L,
acid: HCl, T: 25 ◦C, t = 30 min).

mads/macid
1 Sn (%) 2 Cr (mg/g) 3

1:10 13.8% 2.9
1:15 21.9% 4.9
1:20 37.4% 12.4
1:25 43.4% 15.5
1:30 46.8% 16.8

1:45 (concentrated) 48.1% 18.6
1 calculated mass ratio of adsorbent to acid; 2 weight of dissolved Sn for weight of spent material; 3 mg of
dissolved Cr per g of spent material.

Influence of Spent Adsorbent Concentration and Temperature

The effect of spent adsorbent concentration on its solubility was studied for 10 and
20 g/L at three different temperatures (25, 50, and 75 ◦C). The results of the experiments
are available in Table 6. As observed during the study of pH influence on dissolution
rate (Table 3), increasing the concentration of the spent adsorbent has a negative effect
on its dissolution; i.e., it leads to lower concentrations of dissolved Sn and Cr. That was
also the case in all dissolution temperatures examined (Table 6). However, the use of very
low concentrations of spent adsorbent results in increased process time and cost. For this
reason, 10 g/L was selected as the appropriate solid concentration for the dissolution of
spent adsorbent.

Table 6. Dissolved Sn and Cr in relation to spent adsorbent’s concentration for different temperatures
(acid: HCl, T: 25 ◦C, t = 30 min).

Cads (g/L) T (◦C) Sn (%) 1 Cr (mg/g) 2

10 25 48.1% 18.6
10 50 54.5% 18.8
10 75 70.0% 19.0
20 25 41.5% 14.4
20 50 45.2% 15.3
20 75 53.9% 16.4

1 weight of dissolved Sn for weight of spent material; 2 mg of dissolved Cr per g of spent material.

Regarding temperature effect, experimental results verified the enhancement of Sn
(Figure 6a) and Cr (Figure 6b) dissolution by increasing temperature and decreasing solid-
to-acid mass proportion. At a temperature of 75 ◦C and for solid-to-acid mass ratios lower
than 1:20, dissolved Sn and Cr concentrations did not change significantly, indicating that a
1:20 ratio is adequate for satisfactory dissolution. Dissolution of adsorbent in temperatures
higher than 75 ◦C was not investigated for safety reasons since HCl is volatile. Considering
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the environmental and economic impact, temperature and solid-to-acid ratio conditions
regarded as optimum for dissolution were 75 ◦C and 1:20 w/w spent adsorbent to acid.
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3.2.2. Reduction of Sn(IV) to Sn(II) and Adsorbent Recovery
Influence of Reducing Agent

The compounds examined for the reduction of Sn(IV) were NaHSO3, Na2S2O4,
Na2S2O5, and N2H4·2HCl. The experimental results are provided in Table 7. The ap-
plication of NaHSO3, Na2S2O4, and Na2S2O5 resulted in the precipitation of a solid in
the first stage of the process, with Cr content 9.9, 11.1, and 15.9 mg/g, respectively, and
Sn percentage of 49.6%, 62.6%, and 74.6%, respectively. However, further increase in pH
value did not lead to any further precipitation in a following stage even for pH values
greater than 7. In other words, the use of these reductants did not result in Cr separation
and material recovery. The decrease in the percentage of tin in the solid obtained in the
first precipitation phase indicates the adsorption of sulfates in the structure of the solid.
On the other hand, when hydrazine (N2H4·2HCl) was used, two precipitation phases
were identified at pH 3 and 7, respectively, while the values of Cr and Sn concentrations,
determined in corresponding produced solids, suggested the successful separation of Cr.
In particular, the concentration of Cr in the material obtained after the second precipitation
step was calculated at only 3 mg/g, while the respective XRD diagram (Figure 7) indi-
cates that the material consists mainly of one phase identical with the original adsorbent,
i.e., Sn6O4(OH)4. The reduction (Equation (2)) and following precipitation (Equation (3))
reactions can be described as follows:
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Table 7. Sn and Cr concentration in solutions and solids produced at reconstruction process in
relation to reductants used for Sn(IV) reduction (pH1: 3, pH2: 7).

Reductant CRed (g/L)

1st Precipitation Step 2nd Precipitation Step

Solid Solution Solid Solution

Sn (%) Cr (mg/g) Sn (g/L) Cr (g/L) Sn (%) Cr (mg/g) Sn (g/L) Cr (g/L)

NaHSO3 6.1 49.6% 9.9 3.85 0.127 ND ND 3.85 0.127
Na2S2O4 3.4 62.6% 11.1 2.96 0.118 ND ND 2.96 0.118
Na2S2O5 5.6 74.6% 15.9 2.15 0.087 ND ND 2.15 0.087

N2H4·2HCl 6.2 67.1% 20.2 2.37 0.051 70.4% 3 1.45 0.047

CRed, reductant’s concentration in original solution.
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N2H4 +Sn4+ → N2 + Sn2+ + 2H2 (2)

6Sn2+ + 8OH− → Sn6O4(OH)4 + 4H+ (3)

The effect of reducing agent concentration on adsorbent recovery was studied for
hydrazine with the addition of 25% and 50% more than that required by the stoichiometric
ratio. As suggested by experimental results (Table 8), increasing the amount of the reducing
agent leads to an increase in the amount of recovered material (second precipitation stage)
and Sn percentage in it. However, an increase is also observed in the concentration of
Cr, which indicates that the addition of additional reducing agent does not enhance the
separation.

Table 8. Sn and Cr concentration in solids produced at reconstruction process in relation to reducing
agent concentration (reductant: N2H4·2HCl, pH1: 3, pH2: 7).

mreductant Added
1

1st Precipitation Step 2nd Precipitation Step

Sn
(wt.%)

Cr
(mg/g) m (mg) Sn

(wt.%)
Cr

(mg/g) m (mg)

100% 67.1% 20.2 138 70.4% 3 26
125% 66.3% 21.2 122 71.4% 5.1 37
150% 64.9% 21.6 123 76.2% 4.8 38

1 % of stoichiometric ratio.
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Influence of pH in the First Precipitation Step

The effect of pH in the first precipitation stage was studied in the range of 2.5 to
4 for addition of hydrazine as reducing agent in stoichiometric ratio and in the second
precipitation stage at pH 7. Sn and Cr concentrations in solids produced at the two
precipitation steps of the reconstruction process are presented in Figure 8 and Table S1
(Supplementary Materials).
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Figure 8. Influence of pH in the 1st precipitation step (pH1) to the Sn and Cr content in solids
produced at reconstruction process.

As can be noted from the comparison of the two diagrams of Figure 8, the pH value
of the first precipitation step mainly affects the properties of the solid obtained in the
second stage, specifically the concentration of Cr, which can reach very low values of up to
1.2 mg/g for pH 4. However, as the pH value increases, the amount of material obtained in
the second step (Table S1), that is, the amount of material recovered, decreases. For this
reason, the value 3 is chosen as the optimal pH value of the first precipitation stage.

Influence of pH in the Second Precipitation Step

The effect of the pH value of the second precipitation stage was studied in the range
of 5 to 7 for addition of hydrazine as reducing agent in stoichiometric ratio and for first
precipitation step at pH 3. The experimental results are listed in Table 9. As can be observed,
the increase of pH value in the second stage does not significantly change the amount and
composition of the obtained solid. Nevertheless, to obtain maximum quantity of recovered
material, a pH value of 7 was selected for the second precipitation stage.

Table 9. Sn and Cr concentration in solids produced at reconstruction process in relation to the second
precipitation step pH (reductant: N2H4·2HCl, pH1: 3).

1st Precipitation Step 2nd Precipitation Step

Sn (wt.%) Cr (mg/g) m (mg) pH2 Sn (wt.%) Cr (mg/g) m (mg)

66.8% 19.9 138 5 71.6% 2.8 21
67.0% 20.2 137 6 71.1% 2.9 25
67.1% 20.2 138 7 70.4% 3 26

As mentioned above, to determine the optimum conditions leading to the maximiza-
tion of the separation efficiency, reduction and stepwise precipitation were studied as a
group. From the experimental study on the effect process parameters, it was observed that
the conditions that lead to its optimization are the application of hydrazine as a reducing
agent and the adjustment of pH to the values 3 and 7 for the first and the second precipi-
tation stages, respectively. However, as indicated from the amounts of solids obtained in
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the two precipitation stages, although the recovery of the material in the second stage is
successful (as evidenced by the characterization results presented in the following section),
the amount recovered is not satisfactory. This is also confirmed by the characteristics
of the solid obtained in the first stage, i.e., its significantly larger amount, but also the
presence of tin in a high concentration (67.1% for the conditions chosen as optimal). The
high concentration of tin in the first precipitation stage may be the result of co-precipitation
of chromium with tin, possibly in the form of a complex.

3.3. Characterisation of Recovered Adsorbent

Chemical characterization of the recovered adsorbent is presented in Table 10. To
evaluate the potential of adsorbent’s recovery, the results are compared to those for the
original Sn6O4(OH)4.

Table 10. Chemical analysis of original and recovered adsorbent.

Adsorbent Sn(II) wt.% Sn wt.% Cr (mg/g)

Original 59 70 ND
Recovered 66.0 70.4 3.0

As observed from the values of Table 10, the percentage of Sn(II) in the recovered
material was determined 66%, i.e., 7% higher than in the original adsorbent. Since the
significant effectiveness of Sn6O4(OH)4 in Cr(VI) remediation is mainly due to its increased
reducing capacity, it can be assumed that the increase of Sn(II) percentage in the recovered
material will result in an increase of its Cr(VI) removal efficiency. The percentage of total
tin in the recovered material was calculated 70.4%, while the amount of Cr that remained
in its structure was estimated around 3 mg/g.

3.4. Validation of Efficiency

The evaluation of the recovered material as potential Cr(VI) adsorbent was mainly fo-
cused on its ability to decrease Cr(VI) concentrations below 25 µg/L. Namely, its adsorption
capacity corresponding to a residual Cr(VI) concentration of 25 µg/L, mentioned hereafter
as Q25, was used as a criterion for its efficiency and comparison to the corresponding
original adsorbent.

Figure 9 depicts the adsorption isotherms of the recovered material for the removal of
Cr(VI) from distilled and natural-like water at 20 ◦C and equilibrium pH 6–8 adjusted to
Freundlich and Langmuir models, respectively.

The high capacity values obtained even when the residual Cr(VI) concentration values
were found close to zero are indicative of the in situ quantitative reduction of Cr(VI) to
Cr(III) species, which are subsequently adsorbed on the Sn(II) oxy-hydroxide surface. The
obtained data were better fitted by a Langmuir-type equation [26]. The corresponding
fitting parameters for Freundlich and Langmuir models are presented in Tables S2 and S3,
respectively.

Experimental results showed that the ability of recovered Sn6O4(OH)4 to remove
Cr(VI) from its solutions in distilled water increases with decreasing pH (Figure 9a), as
has also been observed for the corresponding original Sn6O4(OH)4 [12]. However, this
phenomenon becomes less pronounced in the case of experiments in natural-like water,
where the performance of the material at pH 7 and 8 is approximately the same, with the
adsorption capacity of the material at a residual Cr(VI) concentration of 25 µg/L reaching
the values of Q25 = 17.1 mg/g and Q25 = 16 mg/g, respectively. This is in contrast with most
materials tested in the literature for Cr(VI) removal, which present a significant loss of their
effectiveness as the solution pH value increases towards weakly alkaline environments [27].
Taking into consideration that a typical natural Cr(VI)-polluted water presents a pH value
greater than 7.5 [28], recovered material application in a full-scale system will not require
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pH adjustment, thereby avoiding the addition of chemical reagents that is expected to
increase operating costs and, most importantly, change water quality.
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It is also important to note that the process is significantly affected by the presence of
other co-existing interfering constituents of natural-like water. Adsorbent’s removal capac-
ity at 25 µg for distilled water experiments at pH 7 is 30.7 mg/g, while the corresponding
value for NSF water experiments falls to 17.1 mg/g (Table S2).

Comparison of Cr(VI) adsorption isotherms obtained from the recovered material with
those of the original adsorbent [12] indicates a significant improvement in Cr(VI) removal
efficiency, with Q25 value increasing from 19.9 mg/g to 30.7 mg/g for Cr(VI) treatment in
distilled water and pH 7. This increase is consistent with the increased percentage of Sn(II)
in the recovered material compared to the original (Table 10), and it can be attributed to the
addition of the reducing agent during the reconstruction process. Furthermore, the shape
of the sorption isotherms indicates that the contribution of the reducing capacity of the
material to its overall performance is critical, as the “sorption” capacity does not change
substantially with increasing residual concentration.

4. Conclusions

This study aimed to establish a non-conventional way of approaching adsorption
processes for water purification by designing an infinite operation cycle for the adsorbent
according to the principles of circular economy and green chemistry. For this purpose,
the recovery of a material consisting of Sn6O4(OH)4, used for the removal of Cr(VI) from
drinking water, was investigated. The examined approach included multiple steps of mate-
rial acid dissolution, ions reduction, and precipitation, which were separately optimized
and then unified to produce the reconstructed adsorbent. The material obtained from
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this recovery process was evaluated for Cr(VI) remediation, presenting significantly high
removal capacity even compared to the original adsorbent.

However, the adoption of recovery processes to advance circular economy and pro-
mote green chemistry is an emerging scientific concept yet to be fully discovered. Alter-
native approaches may include the reuse of the saturated adsorbent through a process
of dissolution, reduction, and precipitation in one step, without chromium separation or
separation of chromium in its hexavalent form, which is much more soluble. The latter
could be achieved by oxidation of chromium in an alkaline environment using an oxidizing
agent, such as O3 or H2O2, and subsequent dissolution, reduction, and recovery of the
material.

In any case, before implementing any process on a large scale, its environmental and
economic footprint should be evaluated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15010097/s1, Table S1. Sn and Cr concentration in solids
produced at reconstruction process in relation to 1st precipitation step pH (reductant: N2H4·2HCl,
pH2: 7); Table S2. Parameters of Freundlich fitting on Cr(VI) adsorption isotherms in distilled and
natural-like water at 20 ◦C and equilibrium pH 6–8 for the recovered adsorbent; Table S3. Parameters
of Langmuir fitting on Cr(VI) adsorption isotherms in distilled and natural-like water at 20 ◦C and
equilibrium pH 6–8 for the recovered adsorbent.
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