minerals

Article

Mild Conditions Method to Remediate Hazardous Jarosite and
Its Application as Adsorbent of Arsenic(V) and Water

Arely Monserrat Lopez-Martinez * and Précoro Gamero-Melo *

check for
updates

Citation: Lopez-Martinez, A.M.;
Gamero-Melo, P. Mild Conditions
Method to Remediate Hazardous
Jarosite and Its Application as
Adsorbent of Arsenic(V) and Water.
Minerals 2023, 13, 1148. https://
doi.org/10.3390/min13091148

Academic Editors: Luis A. Cisternas

and Elvis Fosso-Kankeu

Received: 30 June 2023
Revised: 19 August 2023
Accepted: 25 August 2023
Published: 30 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Sustainability of Natural Resources and Energy, Cinvestav Saltillo, Ramos Arizpe 25900, Mexico
* Correspondence: arely.lopez@cinvestav.edu.mx (A.M.L.-M.); procoro.gamero@cinvestav.edu.mx (P.G.-M.);
Tel.: +52-(844)-438-9600 (P.G.-M.)

Abstract: The environmental risks of industrial jarosite (JAR) were mainly attributed to its average
particle size (8.6 um) and its content of leachable heavy metals such as cadmium (Cd, 64.2 mg LD,
lead (Pb, 4.16 mg L), and arsenic (As, 0.27 mg L1). In this study, various methods were reported
to eliminate the leachable elements contained in JAR without collapsing the crystalline structure:
acid leaching, ionic exchange, and extended remediation. The effect of pH (2-10), temperature
(20-175 °C), and time (<30 min) on the leaching of Cd, Pb, and As were studied. The ultrasound-
assisted leaching process (at <60 °C and for 12 min) using a 0.19 M H,SOy solution allowed to
obtain a reduction of leachable Cd (99.2 wt. %), Pb (94.2 wt. %), and As (98.1 wt. %). Although
the H,SO4 remediated jarosite, for example, still had a content of Pb, Cd, As, and Mn of 9.25, 0.91,
3.89,and 241 g kg_l, respectively, these metallic compounds were insoluble in the pH interval of
2 to 10. The jarosite obtained using acid leaching, JAR2L, had the highest adsorption capacity of
As(V) (Qmax = 7.55 g kg 1), while the jarosite obtained using extended remediation had the highest
water adsorption capacity (165 mL kg_l). The JAR can be remediated using acid ultrasound-assisted
leaching and it can be applied in formulating strategic materials for the chemical industry.

Keywords: jarosite remediation; ultrasound-assisted leaching; arsenic removal; water adsorbent

1. Introduction

One of the commonly used strategies used in the metallurgical industry to separate
iron (Fe) and other heavy metals from a zinc (Zn) solution involves the formation of solid
jarosites. Jarosite typically has the molecular formula of AFe(TO4),OHg ® n HyO, where:
A =Na*, NH,*, Zn%*, Cd2*, Pb?*, Ag", Cu?*, others; T = S°*, Mo®*, Cro*, As®*, others [1-3].
The electrolytic zinc refinery located in San Luis Potosi, México, is one of the largest plants
in Latin America to manufacture metallic zinc. Approximately 146,000 tons per year of
jarosite are generated in Mexican refinery plants, which are typically disposed of in open
spaces exposed to environmental conditions [4].

Industrial jarosite has an average particle size near 10 um [5]. Particles with a size of
10 pm or less (PMjg) can be inhaled into the lungs and can induce adverse human health
effects. The industrial jarosite waste must be handled, analyzed, and remediated according
to regional rules established for hazardous wastes. Hazardous wastes are those that possess
any of the CRETFB characteristics, where C is corrosivity, R is reactivity, E is explosiveness,
T is toxicity, F is flammability, and B is biological-infectious. When industrial jarosite waste
gets in touch with water, a pH < 3.5 [3] or a high content of toxic metals such as Cd, Pb, As,
T1, or Cr [6-8] is obtained; then, jarosite is corrosive or toxic.

Jarosite residues have been mainly investigated to improve the Zn and Pb recovery
process [9], to recover precious metals [5,10-12], and to mitigate the possible environmental
damage that these processes could cause [6]. However, the challenge faced by researchers
in both cases is that jarosites are chemically and thermally stable [5], and they must be
previously decomposed to facilitate the leaching of polluting chemical elements [13]. The
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main route reported for decomposition and metals recovering from hazardous jarosite
residues is the pyrometallurgical route [14,15]. Under 600-1500 °C, the jarosite decomposes
and releases the encapsulated valuable metallic species and minerals [7,16,17].

Although the pyrometallurgical process has been dominant in the secondary metal
recycling processes, there is growing interest in promoting the decomposition of the jarosite
using chemical processes [18,19]. Strongly alkaline or acid solutions have been used for
its decomposition [5]. For example, the potassium jarosite dissolution rates, for instance,
increased at both low (1) and high (11) pH, with minimum dissolution rates observed at
intermediate pH values [20]. This process depends on the nature of the metallic hydroxide
nature, temperature, reaction time, and pH. Decomposition is higher with NaOH and it is
directly proportional to temperature and pH [21]. Temperature is the parameter that most
affects the jarosite’s decomposition, followed by the pH [6].

Most investigations related to the chemical decomposition and contaminants leaching
from jarosites have been performed at atmospheric pressure and temperatures close to the
boiling point of water using conventional heating. Under these conditions, it is possible
to leach soluble contaminants that are mixed with industrial jarosite but not those encap-
sulated into jarosite particles nor those ions forming part of the chemical composition of
other jarosite, e.g., As(V), Cr(VI), Zn(1l), Cd(Il), Hg(II), Cu(Il), and Mn(II).

Ultrasound and microwave-assisted processes have been broadly reported to speed
up the dissolution of compounds, promote reactions, accelerate the diffusion of mass from
the particle’s interior to the solution, and obtain sustainable methods [22-29]. However, no
specific reports were found in which these energy sources were used to leach or exchange
jarosites to reduce the content of contaminants. In this work, it was found that ultrasonically
assisted acid leaching reduces the content of contaminating metals in jarosite, maintains its
structural characteristics, and enables its use as an As(V) and water adsorbent.

2. Materials and Methods

The jarosite (JAR) used in this work was an industrial residue recovered from an
Mexican electrolytic zinc refinery. Samples of the jarosite paste taken at the filter press’s
output were collected in a 200 L metal container. The coning and quartering method
was used to obtain a representative sample of 20 kg with an average moisture content of
35.5 wt. %. Additionally, a second jarosite sample was acquired from the same refinery
in 2017 (RJAR) and used for specific studies. Figure 1 illustrates the approach utilized to
obtain As(V) and water adsorbents from a jarosite residue. The strategy consists of a series
of stages that involves the determination of the physicochemical properties, assessment
of the environmental risks that industrial jarosite can represent if it is not appropriately
handled, the study of alternatives to leach heavy metals that make jarosite dangerous, and
the evaluation of remediated jarosites to be applied in a productive process.

The mineralogical characterization of jarosite residues and remediated products was
carried out by X-ray diffraction (XRD) using a Philips PW3040 Xpert diffractometer (Almelo,
The Netherlands). The operating conditions were as follows: Cu-K« radiation at 45 Kv
and 40 Ma, with a step of 0.025° 20, and an acquisition time of 0.25 s. Compacted density
or vibratory packing density was determined according to the ASTM D4180-13(2018) [30].
For the statistical analysis of the particle size distribution (PSD) used, a HORIBA model
LA950V2 brand equipment (Kyoto, Japan) was used. For infrared (IR) analysis, a PERKIN
ELMER FRONTIER brand equipment (Shelton, CT, USA) was used in the 400-4000 cm !
range with 16 scans, and the samples were analyzed with the Attenuated Total Reflectance*
(ATR) accessory. Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) were performed using TA Instruments equipment (New Castle, DE, USA) in the
interval from 25 to 700 °C, and the samples were heated at a rate of 5 °C min~! under a
nitrogen atmosphere.
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Figure 1. Strategy to characterize, remediate, and apply an industrial jarosite as adsorbent.

A Philips microscope model XL30 ESEM JEOL 70, 800 Prime Fegsem Field emission
gun (Akishima, Tokyo, Japan) was used to carry out the morphological analysis and the
punctual chemical analysis. The microscope was equipped with an EDAX brand EDS
microanalysis system, Genesis 4000 model (Livonia, MI, USA). The samples were dispersed
in a copper sample holder and covered with a gold film. The remediation of JAR and
its As(V) adsorption capacity was monitored by inductively coupled plasma (ICP-OES)
spectroscopy using a PERKIN ELMER model OPTIMA 8300 (Shelton, CT, USA).

The solutions for the acid leaching were prepared by dissolving in deionized water
hydrochloric acid (HCL; 38.0 wt. %; AnalyticaTM, Monterrey Nuevo Leon, Mexico) or
sulfuric acid (HpSO4; 98.0 wt. %; Jalmek™, San Nicolas de los Garza, Mexico). Sodium
sulfate (NapSOy; 99.9 wt. %,; J.T. Baker'™, Phillipsburg, NJ, USA) was applied in the ion
exchange process, and the pH was adjusted with sodium hydroxide (NaOH; 87.6 wt. %;
Analytica™, Monterrey Nuevo Leon, Mexico). For the As(V) adsorption tests, disodium
hydrogen arsenate (NayHAsO,-7H,0; 98-100 wt. %; Spectrum™, Escobedo Nuevo Leon,
Mexico) was used.

The leaching and ion exchange processes involved in jarosite remediation were assisted
with a sonicator (Hielscher™; UP400St, Teltow, Germany) at conditions of 80% pulse and
100% amplitude or with a microwave digestion oven (CEMTM ; Mars 5, Matthews NC, USA)
provided with easy prep 100 mL vessels. As(V) adsorption experiments were conducted in
a batch process in an orbital incubator (Prendo; INO-650M, Puebla, Mexico).

2.1. Remediation of JAR by Removal of Regulated Heavy Metals

The aim of the JAR remediation in this study is to reduce heavy metal content at
the lowest possible temperature, shortest time, and pH between 2 and 10. The water-
soluble salts were leached using acid leaching and the heavy metal cations that neutralize
the jarosite surface were removed using an ion exchange process. Both approaches used
ultrasound and microwaves to achieve high efficiency at mild reaction conditions [31].
Figure 2 shows the strategies for acid remediation of JAR.
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Figure 2. Experimental methodology for acid remediation of the industrial jarosite.

2.1.1. Jarosite Acid Leaching by Conventional Hydrothermal Treatment

In total, 100 g of JAR, previously dried at 120 °C for 2 h, were suspended in a beaker
in 0.5 L of hot DI water at 80 °C. The mixture was stirred and heated at 80 °C for 30 min.
The suspension was vacuum filtered with filter paper, qualitative grade No. 2 (Whatman;
Maidstone, UK), and the solid obtained was washed three times with 0.5 L of hot DI water
at 80 °C. The described process of suspending the solid in water, heating the suspension,
separating the solid by filtration, and washing was repeated twice. In total, 1 L of a 0.036 N
HCI solution was added to the resulting solid and was kept stirring for 30 min at 80 °C.
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Finally, the solid was separated using vacuum filtration and washed three times with 0.5 L
of hot DI water at 80 °C. The obtained solid material was dried in the oven at 120 °C for
4 h, deagglomerated, weighed, and stored until use. It obtained 95.5 g of a material that
was labeled as JAR1L.

2.1.2. Jarosite Ultrasound-Assisted Acid Leaching

In total, 100 g of the dry JAR was added to a gentle stirring solution of 0.5 L of 0.19 M
H,S0O,, which was sonicated for 12 min. During this time, the temperature increased from
18 to 60 °C. The solid was separated using vacuum filtration and washed twice with 0.5 L
of hot DI water at 80 °C. Afterward, the solid obtained was resuspended in 0.5 L of DI
water, sonicated again for 12 min, separated using vacuum filtration, resuspended in water,
and washed twice with 0.5 L of hot DI water at 80 °C. The solid was dried for 24 h at 120 °C,
deagglomerated, weighed, and stored until use. It obtained 96.1 g of a brown powder that
was labeled as JAR2L. The same procedure was followed to obtain the JAR3L but with one
additional washing with water at 70 °C.

2.1.3. Ion Exchange of Heavy Metals Contained in JAR

In total, 12 g of dry JAR2L was used for the ion exchange process using a solution
prepared with 7.533 g (53 mmol) of Nap;SO4 and 30 mL of DI water. The pH of the resulting
suspension was adjusted to 3.9, 2.8, and 2.1 using a 2N H,SOy solution. The ion exchange
process was performed using ultrasound and microwaves. For ultrasound-assisted ionic
exchange, the suspension volume was completed to 100 mL and sonicated for 15 min
maintaining a temperature up to 60 °C. For the microwave-assisted ion exchange, the
suspension volume was filled to 70 mL. Then, the reaction system was transferred to a
100 mL microwave reactor and heated at 175 °C for 15 min. In both cases, the resulting
solid was filtered off and washed thrice with 60 mL of DI water at 85 °C. Finally, the
solid material was dried at 120 °C for 4 h, obtaining 11.5 and 11.8 g, respectively, of a
brown powder.

The extraction efficiency through the leaching and the ion exchange of elements regu-
lated in the jarosites was determined based on the content of each component as follows:

Extraction efficiency, % = [(Cy — Cf)/Cp]100 1)

where Cy and C are the concentrations of the element before and after the corresponding
treatment.

2.1.4. Extended Process for JAR Remediation

The strategy of acid leaching ionic exchange-basic leaching ion exchange was explored
to remove the soluble metals in JAR at 2 < pH < 10. The effect of the energy source
(conventional heating, ultrasound), type of acid (HCI, H,SO4), and acid concentration
(0.19, 0.09, 0.05 eq) was evaluated. The jarosite previously underwent acid leaching and
the ionic exchange process was mixed with water, the pH was adjusted to 10 witha 1 M
NaOH solution and allowed to react at different temperatures and time conditions. The
jarosites obtained using extended remediation were labeled as LAB#; nn = 1-16. Details of
the experimentation related to extended remediation have been included in the File S1 in
Supplementary Materials. To obtain LAB2 and LAB5, a solution with half of the H,SO4
(0.19 eq) used to obtain JAR2L and ultrasound as an energy source was used. The potential
use of these two remediated jarosites as As(V) and water adsorbents was evaluated as
indicated in Section 2.3.

2.2. Environmental Risk Assessment of Jarosites

The level of danger of JAR and a remediated jarosite was determined following the
Official Mexican standards NOM-052-SEMARNAT-2005 [32] and NOM-052-SEMARNAT-
1993 [33]. The corrosivity was determined by mixing the jarosite with water and measuring
the pH. To evaluate the reactivity of the jarosites, they were placed in contact with air for
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5 min and observed if they ignited in the absence of an external ignition source. The jarosite
was also mixed with water to see if it would react spontaneously and generate flammable
gases. The degree of environmental toxicity of jarosite was determined by the content of
organic and inorganic compounds released from them.

2.3. Evaluation of the Potential Use of Jarosites as Adsorbents

The ability of remediated jarosites to absorb As(V) was evaluated. The adsorption
kinetics of As(V) presented by jarosites obtained using acid leaching (JAR1L, JA2L, JAR3L)
and those obtained using the extended remediation process (LAB2, LAB5) were determined.
The adsorption of As(V) of remediated materials at the equilibrium was also included.
Additionally, the ability of acid-remediated jarosites to absorb water is discussed.

2.3.1. Arsenate Adsorption Study on Experimental Jarosites

To determine the adsorption kinetics of As(V), 0.25 g of the corresponding jarosite was
suspended in 0.25 L of aqueous solution with 754 ug L~! of As(V). The suspension was
kept at 25 £ 3 °C with gentle agitation and samples were taken more frequently during
the first 6 h to monitor arsenic content in the solution. Then, the solid was separated by
filtering and the solution was analyzed by ICP.

To ensure the equilibrium state and obtain the maximum adsorption capacity of As(V)
of the jarosites, solutions with As(V) concentrations of 0.5, 1, 2, 5, 10, 20, 50, 100, and
200 mg L~! were prepared. In total, 0.02 g of the corresponding jarosite was added to
20 mL of each solution and the suspension was stirred for 24 h at 25 £ 3 °C. Finally,
the liquid was separated using filtration and analyzed by ICP. The following equations
were used to calculate the percentage removal and adsorption capacity (qe) at time t,
Equations (2) and (3), respectively. The jarosite’s maximum theoretical adsorption capacity
(Qmax) was calculated with the linearized Langmuir equation, Equation (4) [28].

Removal, % = [(Cy — C¢)/Cop] * 100 ()
ge =[(Co — C¢) * V]/m ®3)
1/qe =1/Qmax + 1/QmaxKLCe 4)

In these equations, Cf = concentration at time t, qe = amount of ions adsorbed in the
equilibrium (mg g~ 1), C, = equilibrium concentration in the liquid phase (mg L), and
KL = adsorption equilibrium constant (Lm g’l). In a graph of 1/Ce vs. 1/Qmax, the
intercept point on the ordinate axis corresponds to the inverse of the maximum adsorption
capacity of the adsorbent under study (1/Qmax)-

2.3.2. The Water Adsorption Capacity of Jarosite

A sample of 1 g of each jarosite (JAR, JAR1L, JAR2L, LAB2, and LAB5) was saturated
with deionized water. The desorption of water as a function of temperature was determined
using TGA and DTA. The samples were heated under a nitrogen atmosphere at a heating
rate of 5 °C min~! from 25 to 350 °C.

3. Results and Discussion
3.1. Characterization of Jarosites

According to the mineralogical analysis, JAR is mainly constituted by natrojarosite
(NaFe3(SO4)2(OH)g @ n HyO), hardly appreciable quantities of magnetite (Fe*?Fe,*30,) and
hematite. Figure 3a shows the XRD pattern of JAR, which is characterized by high-intensity
diffraction peaks at 29.1, 28.6, and 17.5° of 20. It also presents medium-intensity peaks at
49.7, 45.8, 40.24, 15.8, and 14.8° of 26 and other low-intensity peaks. The mineralogical
phases observed in both JAR, JAR1L, and JAR2L are the same as those reported for this
type of materials [20,34,35].
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Figure 3. Jarosites characterization: (a) structural changes caused by heat; (b) JAR Thermal decompo-
sition monitoring; (c) comparative thermal behavior of the experimental jarosites; (d) XRD spectra of
JAR and remediated jarosites.

Figure 3a also shows that the jarosite structure collapses at temperatures between 300
and 400 °C, observing the magnetite that was present in the JAR and the hematite formed
during the decomposition of the jarosite. These findings are consistent with the differential
thermal and thermogravimetric analysis shown in Figure 3b. In the temperature range
from 25 to 250 °C, the observed mass loss of 0.4 wt. % was attributed to the removal of
humidity removal. Between 260 and 325 °C, the hydration water was lost. The change
observed at 325-425 °C was attributed to the dehydroxylation process, which led to the
destruction of the jarosite structure.

Finally, a weight loss of 10.09 wt. % was observed at 500 °C, which was attributed to the
release of SO3 resulting from the decomposition of the sulfate ligands characteristic of JAR.
From these findings, it can be concluded that JAR is thermally stable at temperatures up to
300 °C. However, its structure breaks down at higher temperatures. It has been reported
that jarosites decompose under heat treatment at temperatures of 450 to 800 °C, either in
air or nitrogen atmosphere [17]. Figure 3¢ shows that in the first 30 min, the humidity and
the water of crystallization of the JAR were lost. At 40 min, the dehydroxylation process
and, consequently, the destruction of the jarosite structure were complete.

Both jarosites, JAR, JAR1L, and JAR2L have the same thermal decomposition behavior,
as shown in Figure 3c. This means the thermal stability of the JAR does not change
significantly with the acid-leaching treatments that the JAR underwent to obtain JAR1L and
JAR2L jarosites. This statement was corroborated by the XRD and FTIR analyses shown in
Figures 3d and 4a, respectively. The untreated and chemically treated jarosite spectra are
similar in both cases.
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Figure 4. Jarosites characterization. (a) FTIR Spectra; (b) particle size distribution; (c) JAR micrograph;
(d) JAR2L micrograph.

The dry JAR has a humidity of 2.3 wt. %, a compacted density of 1.25 g cm ™!, and an
average particle size (APS) of 8.6 pm. The JAR2L had a humidity of 1.3 wt. %, a compacted
density of 1.15 g cm ™!, and an APS of 5.8 um. The decrease in density due to the leaching
is attributable to the fact that the soluble salts in the JAR were extracted from the jarosite
generating pores in the particles. As a result, the mass per unit volume was reduced as
well. Figure 4b shows the effect of the remediation process on the particle size distribution
(PSD). JAR had a bimodal PSD in which 90% of the particles are smaller than 87.6 pm.
The large particles were disaggregated during the remediation process, resulting in the
monomodal PSD observed for both JARIL and JAR2L. The PSD of jarosite underwent
ultrasound-assisted leaching treatment with HySO,4 (JAR2L) shifts towards sizes smaller
than 10 um. Based on the morphological analysis, it was found that JAR and JAR2L jarosites
consist of particles with irregular shapes. It is observed in Figure 4c that JAR contained
large particles, which were reduced in size after ultrasound-assisted leaching, as seen in
Figure 4d.

Two batches of industrial jarosite (RJAR, JAR) and the remediate jarosites (JAR1L and
JAR2L) were analyzed using the X-ray fluorescence (XRF) technique. The main elements
found were reported in the form of their corresponding oxides. Losses due to calcination
(950 °C, 1 h) were added to the total oxides and the resulting data were normalized to
100%. The chemical composition in dry bases is also reported. Table 1 shows the chemical
composition of JAR and its leaching products JAR1L and JAR2L.
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Table 1. Chemical composition of jarosites determined by XRF in wt. %.

Fe, O3 SO; SiO, ZnO Na,O Al,0;3 CuO As,O3 MnO Cdo K,O CaO PbO LOI!
Chemical composition on wet base, wt. %
RJAR 30.07 18.97 4.57 7.25 2.65 1.20 0.89 0.33 0.00 0.22 0.12 0.00 0.67 31.90
JAR 33.75 18.13 4.06 6.67 223 1.13 0.95 0.49 0.40 0.23 0.30 1.09 0.94 29.50
JAR Avg. 31.91 18.55 4.32 6.96 2.44 1.17 0.92 0.41 0.20 0.23 0.21 0.55 0.81 30.70
JARIL 30.80 20.50 4.86 6.34 3.41 0.67 0.84 0.41 0.40 0.20 0.37 1.29 0.80 28.90
JAR2L 35.18 18.41 4.98 6.02 3.31 0.73 0.96 0.41 0.40 0.12 0.40 0.06 0.94 27.90
Chemical composition on dry base, wt. %
RJAR 44.71 28.21 6.80 10.77 3.94 1.78 1.32 0.49 0.00 0.33 0.18 0.00 0.99 -
JAR 47.86 25.71 5.76 9.45 3.16 1.60 1.35 0.69 0.57 0.33 0.43 1.55 1.34 -
JAR Avg. 46.29 26.96 6.28 10.11 3.55 1.69 1.34 0.59 0.28 0.33 0.31 0.77 1.17 -
JARIL 43.36 28.86 6.84 8.92 4.80 0.94 1.18 0.57 0.56 0.28 0.52 1.81 1.13 -
JAR2L 48.80 25.54 6.91 8.35 4.59 1.01 1.33 0.57 0.55 0.17 0.56 0.09 1.30 -
Difference between JARIL and JAR2L Vs. average JAR, wt. %
JARIL —-2.93 1.90 0.56 -1.19 1.25 -075 -0.15 —0.02 0.28 —0.04 0.22 1.04 —0.03 -
JAR2L 2.52 —1.42 0.63 —1.76 1.04 —0.69 0.00 —0.02 0.27 —0.16 0.25 —0.69 0.13 -

1 LOL Lost on ignition.

It was found that the jarosite sampled in 2017 (RJAR) and the one sampled in 2018 (JAR)
had a similar chemical composition. This means that JAR could be produced with similar
characteristics over time. Consequently, it is possible to infer that, with adequate processing,
it could be applied in a given production process or used as raw material to obtain a specific
product. As expected, iron, oxygen, and sulfur were the main elements found in the jarosite.
However, the presence of silicon, aluminum, and other metals is expected because JAR was
obtained by precipitation from a solution resulting from a mining-metallurgical process.
Therefore, various compounds of these elements were present.

While the content of Zn, Cd, Cu, As, Al, and Mg in the jarosite decreases, the content
of Si, Na, K, and Mn increases relative to JAR. This fact is attributed to the reconstitution of
the material’s composition. While some elements were leached, others were concentrated
in the matrix. This is shown by the fact that the sum of the differences between the content
of the oxides in the JARIL and JAR2L jarosites, compared to the average of JAR, tends to be
zero (see Table 1). After the leaching process, the elements remaining in the jarosite matrix
could be part of insoluble compounds in the aqueous medium. Thus, although JAR1L and
JAR2L have a high content of heavy metals, they are not released by suspending these
materials in water during the study period. However, it is necessary to perform long-term
leaching tests to corroborate this claim.

3.2. Environmental Risk of Industrial and Remediated Jarosite

Jarosites JAR and JAR2L did not generate heat or ignite in contact with air. In contact
with water, they did not react spontaneously or generate flammable gases. The release
of cyanide and sulfide was lower than the detection limits recommended by the Mexican
Standards. Therefore, they are “non-flammable” and “non-reactive”. Because of the pH in
jarosites suspension, they are considered “non-corrosive”. Nevertheless, the high Cd and
Pb content in JAR indicates it is a “toxic” material and a risk to the environment [36,37].
Table 2 shows the results obtained for the main parameters that indicate the danger of
industrial jarosites.

The Cd content is above the maximum limit permitted; it was the primary hazard
indicator of the JAR. Although the lead content in the JAR and the pH of the resulting
water suspension are within the limits allowed by Mexican standards, it is important to
monitor these parameters to reduce the risks to human health and the ecosystems near
where this residue accumulates.
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Table 2. Indicators of the hazardousness of jarosites industrial and remediated.

pH in Aqueous Cd Pb As Cyanides Sulfides
Suspension mgL-1 mgL-1 mgL-1 mg kg1 mg kg1

Permitted 2-12.5 1 5 5 250 500

JAR 3.34 64.2 4.16 0.27 <39.5 <51.4

JAR2L 2.55 0.49 0.24 <0.005 <39.5 <51.4

Removal, wt. % - 94.23 99.23 98.15 - -

3.3. Remediation of JAR by Leaching and Ion Exchange

The JAR contains mobile or leachable heavy metals that complicate the final disposal,
which limits the possibilities of being used in the formulation of adsorbents for hydrocarbon
effluents or ion exchangers to treat contaminated aqueous effluents. The main challenge
of this study was to extract the leachable metallic salts and exchange heavy metal cations
contained in the JAR, keeping the structure of the jarosite intact.

3.3.1. Remedjiation of JAR by Ultrasound-Assisted H,SO4 Leaching

The extraction of metallic salts depends on the solubility of the species present in
the jarosite, the leaching and washing conditions; and the number of washes. RJAR and
two JAR samples of non-remediated jarosites were analyzed. Additionally, the remedi-
ated jarosites JAR2L and JAR3L obtained from the procedure described in Section 2.1.2
were analyzed in triplicate. Table 3 shows the results obtained from the content of the
main contaminants in jarosites. The high Zn content in jarosites stands out in both the
RJAR recovered in 2017 (919 g kg’l) and the JAR samples recovered in 2018 (average of
69.59 g kg~ 1). This means that the Zn recovery process in the electrolytic Zn refining plant
could be improved to minimize the amount of Zn in jarosite residues [16].

Table 3. Chemical composition of solids resulting from ultrasound-assisted H,SOj leaching, g kg~!.

Element Zn Pb Cu Cd As Mn
RJAR 91.90 9.20 10.00 3.00 450 4.80
JAR average, g kg ! 69.59 9.75 8.96 2.11 4.58 3.44
DESVEST 9.49 1.77 0.08 0.69 0.88 0.79
1 kg of JAR; 5L of solution H;SO4 0.1 M; 5 L H,O; 2 washes with 5L of H,O

JAR2L average, g kg ! 54.54 9.25 7.27 0.91 3.89 241
DESVEST 0.80 0.14 0.11 0.05 0.17 0.02
Extraction Efficiency, % 21.62 5.16 18.78 56.71 14.97 30.04
1 kg of JAR; 5 L of solution HySO4 0.1 M; 5 L H,O; 3 washes with 5 L of H,O

JAR3L average, g kg*1 41.13 8.73 8.63 1.53 417 243
DESVEST 0.32 0.21 0.21 0.15 0.06 0.06
Extraction Efficiency, % 40.89 10.43 3.59 27.33 8.93 29.26

With the JAR leaching conditions used in the process to obtain JAR2L, the metals
removed in the highest proportion were Cd (56.7%), Mn (30.0%), Zn (21.6%), Cu (18.8%),
and As (14.9%). Conversely, the lowest efficiency removing Pb (5.16%) was observed.
In the case of JAR3L, the higher removal efficiency of Zn (40.9%) and Pb (10.43%) was
achieved and the Mn removal observed in JAR2L (29.3%) was maintained. However,
the extraction of Cu (3.6%), Cd (27.3%), and As (8.3%) were the lowest. As described in
Section 2.1.2, the maximum temperature reached with ultrasonic leaching was 60 °C; the
water temperature used to wash JAR3L and JAR2L was 70 and 80 °C, respectively. So, the
efficiency in the extraction of contaminants is directly related to the temperature of the
leaching and washing process. In summary, the removal efficiency of metals under the
conditions studied is relatively low, which can be attributed to the fact that those metals
are part of insoluble compounds trapped in the jarosite particle [15,38].
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3.3.2. Improving Remediation of JAR2L by Ion Exchange

JAR was mixed with a concentrated H,SO4-Na,SOy solution and treated under ionic
exchange conditions to improve the metal removal achieved by acid leaching of the contam-
inating metals. The reaction mixture was treated under a low-temperature process assisted
by ultrasound. A second reaction mixture sample was exposed to a microwave-assisted
high-temperature hydrothermal process. In both cases, the hypothesis was the same: the
cations A* and anions (e.g., such as AsO,3~, MoO,%~ and CrO427) in jarosites can be
exchanged by H*, Na*, and S042~ from the solution. As a result, the concentration of Zn,
Pb, Cu, Cd, Mn, As, Cr, and other metals would be reduced in JAR2L. In order to determine
the possible effect of the concentration of H* and SO42~ ions on the exchange of heavy
metals, ion exchange experiments were carried out at pH values of 4, 3, and 2. The obtained
solids from both ionic exchanged processes were analyzed by ICP-OES.

The ion exchange processes were carried out for 15 min at a pH between 2 and 4. The
temperature was less than 60 °C for the exchange promoted by ultrasound and 175 °C
for the exchange promoted by microwaves. In both experiments, the results were almost
identical and the metal concentration was practically unaffected by the ionic exchange.
The same behavior occurs even at different pH values. Figure 5 shows the average results
obtained by the ultrasound and microwave-assisted ion exchange of JAR2L.

10.00 -
TbD
2
2 oo
B
5
S 600
é
400
2.00
0.00
HJAR 9.75 8.96 2.11 4.58 3.4
EJARIL 8.72 9.08 1.08 3.92 2.60
BJARJL 9.25 7.35 0.91 3.89 2.41
BJARJL UE 9,33 6.97 0.87 3.75 2.40
BJAR?L ME 9.43 7.32 0.90 3.87 2.48

Figure 5. Metallic contaminants content in remediated jarosites, g kg~!. JARIL = convention-
ally remediated jarosite; JAR2L = ultrasonically leached jarosite; UE = ultrasound exchanged;
ME = microwaves exchanged.

The ion exchange process did not contribute significantly to the reduction of the metal
content, regardless of whether it was carried out with an ultrasound at low temperature
(<60 °C) or with a microwave at high temperature (175 °C). Nevertheless, the amount of
Zn, Pb, Cu, Cd, As, and Mn contained in JAR2L was still high, as these metallic species
were not soluble in water. Under the conditions at which JAR2L is obtained, salts dissolve
and heavy metals that occupy the A and TO; sites in the structure of jarosite are exchanged
by protons (H*) and SO4>~.

According to the XRD patterns shown by the jarosites previously leached and then
interchanged, it is possible to affirm that there are no structural changes in the JAR2L when
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it is hydrothermally treated for 15 min with a pH in the range of 2 to 4, of 60 °C using
ultrasound or 175 °C using microwaves. In addition, as was demonstrated in Section 3.1,
the JAR is thermally stable at least up to 300 °C.

3.3.3. Remediation of JAR by Conventional HCI Leaching

Conventional acid leaching with 0.018 eq of HC], as indicated in Section 2.1.1, resulted
in a solid material identified as JAR1L; the efficiency in the extraction of Zn, Pb, Cd, As,
and Mn observed was 42.75, 10.56, 48.93, 14.43, and 24.42 wt. %, respectively. JARIL
had a lower content of Zn (39.84 g kg ') and Pb (8.72 g kg ') than the material obtained
by treating via ultrasound in a solution of 0.09 eq HySO4 (JAR2L): 54.54 and 9.25 g kg’l,
respectively. Although the amount of HySO4 used per kg of JAR was five times greater
than that of HCI, the removal of Zn and Pb is more effective with HCI than with H,SO,.
As shown in Figure 5, JARIL and JAR2L have similar Cd, As, and Mn content, but less
than that of JAR. H,SO4 was chosen as a lixiviant agent because it has a high boiling point
(337 °C), allowing greater operational flexibility. In contrast, HCI solutions must be handled
at low temperatures to avoid the release of HCI(g).

The filtrate obtained from the JAR aqueous leaching process was separated, labeled
JARIL F1, and analyzed. In the second stage, a previously washed JAR sample was leached
with the HCI solution, and the filtrate was labeled JARIL F2. In both cases, the resulting
solids were washed three times. The washing solutions obtained from each process were
analyzed. Table 4 summarizes the amount of each element that was extracted.

Table 4. Contaminants distribution in solutions from conventional acid leaching.

Extracted Elements Zn Pb Cu Cd As Mn
Aqueous leaching: 1 kg of JAR; 5.25 L H,O; 3 washes with 3 L of H,O each, mg kg™*
JARIL F1 122792 793 288.49 198.08  3.62 513.77
JARIL W1 54375 426 41.61 67.29 0.87 79.44
JARIL W2 72.75 3.93 6.66 83.85 0.60 5.01
JARIL W3 27.69 3.60 5.52 71.88 0.69 2.37
Acid leaching: 1kg of JAR; 10 L HCI 0.015N; 3 washes with 3 L of H,O, mg kg ~!
JARIL F2 12.00 582.10  27.60 13.00 4.00 0.00
JARIL W4 2.16 50.25 3.45 1.80 0.69 0.00
JARIL W5 0.66 3.39 0.66 0.36 0.57 0.00
JARIL W6 0.66 1.17 0.39 0.00 0.00 0.00
Aqueous extraction 187211  19.72 342.28 421.10 5.78 600.59
Acid extraction 15.48 636.91 32.10 15.16 5.26 0.00
Total extraction 1887.59  656.63 37438  436.26 11.04 600.59
Aqueous extraction, % 99.18 3.00 91.43 96.53 52.37 100.00
Acid extraction, % 0.82 97.00 8.57 3.47 47.63 0.00
Fraction of elements extracted with aqueous leaching, %
JARIL F1 65.59 40.21 84.28 47.04 62.65 85.54
JARIL W1 29.04 21.61 12.16 15.98 15.05 13.23
JARIL W2 3.89 19.93 1.95 19.91 10.38 0.83
JARIL W3 1.48 18.26 1.61 17.07 11.93 0.39
Fraction of elements extracted with acid leaching, %
JARIL F2 77.52 91.39 85.98 85.75 76.05 0.00
JARIL W4 13.95 7.89 10.75 11.87 13.12 0.00
JARIL W5 426 0.53 2.06 2.37 10.84 0.00
JARIL W6 4.26 0.18 1.21 0.00 0.00 0.00

The results obtained from the hot water (80 °C) extraction process are consistent with
the solubility properties of the salts of the elements contained in the JAR. The higher the
temperature, the higher the solubility of the salts [11]. Regarding the total content of the
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extracted elements, the extraction of Mn (100%), Zn (99.18%), Cu (91.43%), and Cd (96.53%)
is favored with water. While Pb (97.0%) and As (47.63%) extraction occur more efficiently
in the acid extraction.

In the case of the filtrate obtained from the extraction with hot water (JAR1L F1), a
higher content of Zn (65.59%), Cu (84.28%), and Mn (85.54%) was found. The solution
from the first washing (JAR1L W1) contains almost the rest of these metals. This means
that to extract most of the leachable salts of these metals from JAR, single leaching and one
washing are enough. On the contrary, the Pb, Cd, and As were distributed between the
filtrate and the washing solutions (JAR1L F1 and JARIL Wn; n =1, 2, 3). This means that
the more water used to extract these, the greater the efficiency of removing these elements.
Figure 6a shows the percentage fraction of the extracted elements that remained in the
filtrates (F,;) and the solutions of the first three washes (W) resulting from the hot water
leaching. Figure 6b shows the JAR leaching results with the HCI solution and washing
with hot water.

90 7 mJARILF1 100 - BJARIL F4
. 801 muARILWI 90 - BJARIL W4
S 70 { BJARILW2 X 80 - BJARIL W5
& 60 { M =uArRILW3 15 ;g | BJARIL W6
© i b 1
g 50 £ 5.
s 40 1 S 40 -
2 g
"G 30 7 13} 30 4
g 20 - _g 20 -
X %
w10 - 3 w 10 -
Zn Pb Cu cd As Mn Zn Pb Cu Cd As Mn
Element Element
(a) (b)

Figure 6. Metals distribution in leaching solutions. (a) Extraction with hot water; (b) extraction with
hot water followed by extraction with HC1 0.036 N solution.

The extraction of elements was influenced by the solubility of the salts contained in
JAR, the type of acid-leaching agent, the pH, the temperature, the number of washes, and
the amount of water used in the remediation process. The second and third washing would
be recommended, depending on the intended use of JAR1L.

3.3.4. Metallic Contaminants in Jarosites Obtained by Extended Remediation

As commented in Section 2.1.4, the extended remediation process consists of the
following steps: acid leaching, ion exchange, basic leaching, and ion exchange. Half of the
H)S04 used in the one-step acid leaching was used in the extended remediation process
to find a more ecological approach. Under those conditions, the content of contaminants
in the solids obtained from the extended remediation is higher or equal to those obtained
by simple acid leaching. However, some significant findings were identified: (a) the
same degree of removal of most of the contaminating metals from the JAR is achieved
using conventional heating (90 °C, 30 min) or ultrasound (<60 °C, 10 min); (b) the level of
removal of Zn, Pb, Cu, Cd, and As from the JAR is directly proportional to the number
of ion exchanges performed, and to the concentration of the acid used; (c) at the studied
conditions of pH (2-10) and temperature (25-90 °C), the jarosite structure remains stable.
In Supplementary File S1, details of the characterization of the JARs obtained through the
extended remediation process and the results obtained were included. The reference in
this study was the remediated jarosite that showed higher efficiency in extracting metals,
JAR2L. It was obtained by remediation with 0.37 eq of H,SO4 vs. 0.19, 0.09, and 0.05 eq.
The variable that had the most significant effect on removing contaminants was the acid
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concentration. The simple H,SO4 leaching could be enough to remediate JAR. Setting the
extended strategy into practice is not recommended because of its complex nature and
limited effectiveness.

3.4. Potential Use of Jarosites as Adsorbents

Although there have been few investigations related to the use of jarosites as adsor-
bents, their use for adsorption of organic compounds [39] or Cr(VI) dissolved in water [40]
has been reported. Jarosite JAR1L, JAR2L, JAR3L, LAB2, and LAB5 are mainly constituted
by sodium jarosite, NaFe(SO4),OHg @ 11 HyO. Therefore, the hypothesis in this study is that
the charge-compensating ion, Na*, can be exchanged for other cations, and the ligand SO,
can be exchanged for AsOy. In addition, if molecules of H,O bind reversibly to its structure,
jarosite can be used to remove water from a hydrocarbon effluent.

3.4.1. Removal of As(V) from an Aqueous Solution Using Jarosites
As can be seen in Figure 7a,b that the JAR and the JARs obtained at a pH of around 2

(JARI1L, 2L, and 3L) have a greater capacity to absorb As(V) than those obtained at a pH of
10 (LAB2 and LABS5).
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Figure 7. Adsorption of As(V) in jarosites. (a) Adsorption kinetics; (b) relationship between specific
adsorption capacity and time; (c) effect of concentration of As(V) on its removal; (d) maximum
adsorption capacity of As(V) at equilibrium.

The capacity to adsorb As(V) that LAB2 and LAB5 showed can be explained by the
modification of the jarosite surface by sodium hydroxide, which saturates it with OH™ ions.
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By nature, the OH™ groups repel the arsenate anion, and consequently, the adsorption of
As(V) is even lower than the absorption of untreated jarosite.

The adsorption of AsO4%~ in the JAR, JARIL, 2L, and 3L takes place in three steps.
For instance, the first adsorption step in JAR2L occurs in the first 10 min, reaching 50 wt. %
of As(V) removal and an adsorption capacity of 0.40 mg g~'. The second adsorption step is
slower, occurring between 10 and 360 min. In this step, the removal of As(V) of 97.3 wt. %
and a specific adsorption capacity of 0.73 mg g~ was reached. Finally, in the third step, the
adsorption tends to achieve the equilibrium. The speed of the adsorption steps observed
was attributed to the diffusion phenomenon of the AsO43~ ions from the solution towards
the interior of the jarosite particles. Thus, the arsenate ions are rapidly adsorbed on the
external surface of the particles. Once the external surface of the particles is saturated, the
remaining arsenate ions in the solution diffuse slowly inside the particles to be adsorbed in
their pores.

The equilibrium of As(V) adsorption observed in jarosites that were obtained by JAR
remediation is summarized in Figure 7c. Moreover, JAR2L stands out because it removes
90% of the As(V) contained in solutions of up to 7000 ug L~!. By analogy between the
linear representation of the Langmuir isotherm (Equation (4)) and the equations of the
trend lines shown in Figure 7d, the values of the maximum theoretical adsorption capacity
of As(V) by JAR, JARIL, and JAR2L are 2.24, 2.41, and 7.55 mg g_l, respectively.

Natural zeolites and chemically modified synthetic zeolites have been reported to
have the ability to remove As(V) [29]. For example, the Fe-Na-Clinoptilolite, Fe-Chabazite,
and Al-Zeolite Shirasu systems have a Qmax of 0.196, 0.983, and 5.63 mg g~ !, respectively.
Recently, our research group reported that chemically modified synthetic zeolites, Fe-
Zeolite W and FeZr-Zeolite W, have a Qmax of 27 and 42.31 mg g’l [29]. Although JAR2L
jarosite has a lower capacity to adsorb As(V) species (7.55 mg g~ !) than those chemically
modified synthetic zeolites, it has a higher Qmax than chemically modified natural zeolites
considered good alternatives to remove As(V). The greatest advantage JAR2L jarosite has
over chemically modified zeolites is that it is obtained by leaching under mild conditions
from abundant and very low-cost industrial waste. In contrast, zeolite must be synthesized
at high temperatures (175 °C) for long times (16 h) and it must be modified with an
expensive metal such as zirconium.

3.4.2. Water Adsorption Capacity of the Experimental Jarosites

For this study, a molecular sieve (MM) formulated with zeolite A, which was used
commercially for drying natural gas, was taken as a reference. Based on the experiments
mentioned in Section 2.3.2, the water adsorption capacity of jarosites was inferred. The
thermal analysis indicated that there were two water desorption events in MM. In the first
one, between 25 °C and 70 °C, there was a loss of 26 wt. %, which was attributed to the
weakly adsorbed water. A second event took place between 70 and 150 °C in which an
additional weight loss of 11 wt. % was shown. This was attributed to the fact that the water
molecules bind with different strengths to two types of sites on the zeolite surface. On the
contrary, all jarosites showed only one water desorption event at a temperature between
25 °C and 65 °C, approximately. The fact that desorption occurs at low temperatures means
that the bond strength between jarosite and water is relatively low and that it is possible to
regenerate the jarosite surface at mild conditions.

The adsorbed water in jarosites JAR, JARIL, JAR2L, LAB2, and LAB5 was 8.4, 9.0, 12.8,
16.5, and 15.6 wt. %, respectively. These values showed that the remediation processes to
which the JAR was exposed improved its water adsorption capacity. For example, acid
leaching and the extended remediation process increased the water adsorption capacity of
the JAR by 52.3 and 96.4 wt. %, respectively. To assess the feasibility of using LAB2 in the
formulation of desiccants, it is essential to consider additional factors such as cost-benefit
ratio, half-life, regenerability, and final disposal, among others.
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4. Conclusions

The hazardous nature of jarosite, which was produced in electrolytic zinc refineries, is
due to its low density, small particle size, and high heavy metals content. The heavy metal
content in jarosites is the main characteristic that limits the safe disposal of this waste and its
application in any production process. Industrial jarosites are constituted by jarosites, leachable
salts, and other heavy metal compounds. Leachable salts were separated from metallic jarosites
and other insoluble metallic compounds by conventional heating and ultrasound-assisted
or microwave-assisted leaching. The heavy metals that occupy the A and TOj; sites in the
structure of the jarosite family, AFe(TO4),OHg ® n H,O, were exchanged for Na* and sulfate
(S0427) ions in 15 min using a hydrothermal ion exchange process assisted by microwaves at
175 °C, or assisted by ultrasound at a temperature below 60 °C.

At high concentrations of H,SO; (0.37 eq) and /or temperature (175 °C), the dissolution
of salts and the ionic exchange of heavy metals occur without the jarosite crystalline structure
collapsing. Therefore, acid leaching was enough to remediate jarosite, and the higher temper-
ature and acid concentration favor this process. To enhance the benefits of the remediation
and the use of the treated jarosite, it is recommended to take actions such as including adding
an ionic exchange agent to the acid-leaching solution to improve the extraction of heavy
metals, optimizing the amount of water used in each washing step of the remediation process,
assessing the feasibility of recovering economically valuable metals such as Zn, Cu, Cd, Mn,
Ag, and Au from the resulting solution, and validating the benefits of the jarosite remediation
and its applications through a technical, economic, and environmental viability study.

It was demonstrated that the remediation process plays an important role in the
application for which the jarosites are intended to be used. For instance, jarosite JAR2L
obtained by acid leaching has a specific adsorption capacity for As(V) of 4.9 times greater
than the jarosite LAB2 obtained by the extended remediation process. In contrast, LAB2
adsorbs 1.3 times more water than JAR2L. It is recommended to incorporate jarosite into
a porous matrix, shaped and stabilized to retain its particles in the adsorbent bed of
a continuous process. In addition, it is advised to check the efficiency of the shaped
adsorbent, its regenerability, and half-life, and finally, to carry out a cost/benefit study and
disposal of aged adsorbents.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min13091148/s1, Supplementary File S1: Extended process for
JAR remediation.
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