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Abstract: The discharge of metal-loaded mining-influenced waters can significantly pollute down-
stream water bodies for many kilometers. Addressing this issue at the earliest discharge point is
crucial to prevent further contamination of the natural environment. Additionally, recovering metals
from these discharges and other sources of contamination can reduce the environmental impacts
of mining and support the circular economy by providing secondary raw materials. This study
focused on optimizing zinc recovery from mining-influenced water in the Freiberg mining region in
Germany, where significant loads of zinc are released into the Elbe River. By employing pretreatment
techniques, conducting 100 mL scale ion-exchange column experiments, and refining the regeneration
process, we aimed to identify optimal conditions for efficient zinc removal and recovery. Initial
tests showed that aminophosphonic functionalized TP 260 resin had a high affinity for aluminum,
occupying 93% of the resin’s capacity, while zinc capacity was limited to 0.2 eq/L. To improve zinc
recovery, selective precipitation of aluminum at pH 6.0 was introduced as a pretreatment step. This
significantly increased the zinc loading capacity of the resin to 1 eq/L. Under optimal conditions,
a concentrated zinc solution of 18.5 g/L was obtained with 100% recovery. Sulfuric acid proved
more effective than hydrochloric acid in eluting zinc from the resin. Further analysis using SEM-EDX
revealed residual acid on the resin, indicating a need for additional study on long-term resin perfor-
mance and capacity variation. The research also highlighted the environmental impact of the Freiberg
mining area, where three drainage galleries currently contribute nearly 85 tons of zinc annually to the
Elbe River. This study underscores the feasibility of efficient zinc recovery from these point sources
of pollution using advanced ion-exchange processes, contributing to circular economy efforts and
environmental conservation.

Keywords: acid mine drainage; zinc; ion-exchange recovery; separation

1. Introduction

As industries continue to expand and technological advancements drive further de-
mand, the sustainability of metal resources becomes increasingly uncertain [1,2]. This
underscores the importance of exploring alternative sources, enhancing recycling efforts,
and developing more efficient extraction techniques to mitigate the potential impact of
metal scarcity on various sectors of the economy [3,4].

Conversely, industries like mining produce various waste types containing metal
pollutants, posing environmental risks due to their harmful impact on public health and
natural habitats [5-8]. Therefore, recovering metals from secondary sources such as mine
waste and mining-influenced water serves two vital purposes: ensuring environmental
sustainability and meeting the global economy’s raw material demands. Water impacted
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by mining raises environmental concerns due to its lower pH levels and elevated concen-
trations of dissolved and particulate forms of metals [9-11]. Numerous mining operations
generate substantial volumes of mining-affected water, which may continue to be dis-
charged into the environment for many decades following mine closure [12-14]. However,
mining-influenced waters also serve as a potential secondary source of metals.

The Erzgebirge region in Saxony, Germany, has a rich history of mining dating back
centuries. The area is well-known for its various ore deposits, including silver, tin, zinc, and
other metals [15,16]. The mining operations in the region have been influential in shaping
both the economy and cultural legacy of the area. However, many mines have closed over
time due to economic and environmental factors [17]. The Reiche Zeche, a former silver
mine in the Freiberg district, Saxony, Germany, is notable for its extensive network of mine
water drainage galleries that act as point sources of mining-influenced water discharge to
the surrounding river systems [18,19].

According to the literature, the deepest discharge gallery, the Rothschonberger Stollen
(RSS), dewaters the Freiberg mine waters 18 Km north of Freiberg into the Triebisch
River [18]. The “Konigliche Vertragliche Gesellschaft Stollen” (VGS) and the “Hauptstolln
Umbruch” (HSU) discharge some parts of the Mine drainage into the Freiberger Mulde
river [20,21]. Noteworthy, the mine water discharge galleries in the Freiberg area play a
significant role, contributing 37% of the zinc contamination found in the Elbe River [22].
Recent studies have also indicated elevated zinc concentrations of up to 20 mg/L and
lower pH levels in waters discharged from specific old galleries [20]. These galleries, often
referred to as dewatering galleries, are structures designed to remove water from the mine
to prevent flooding and facilitate mining operations. Zinc is a vital endangered metal, a
pivotal element across various industrial sectors, and essential for sustaining life on Earth.
As per the global annual mining statistics per capita, approximately 30% of this output
originates from recycling efforts [23,24]. Hence, the mining-influenced water in the Freiberg
area presents promising opportunities to recover zinc from these dewatering galleries.

The need for sustainable approaches to treating mining-influenced water highlights
the importance of coupling metal removal with resource recovery. While metal precip-
itation has been extensively studied as a wastewater treatment method, efficient metal
recovery remains a significant challenge [25]. Several studies indicate that hydrometallur-
gical processes also extract metals from mine wastes. For instance, sulfuric acid leaching
combined with solvent extraction has been shown to achieve high recovery rates, with over
70% of zinc recovered from mine wastes and mining-influenced water [26,27]. However,
this method requires large quantities of acid, which increases costs and poses environ-
mental risks due to potential acid runoff. Additionally, the process demands significant
space for plant setup, making it less viable for small-scale operations. Bioleaching has
also demonstrated promising results, with recovery rates of up to 95% for copper and 80%
for zinc from mine wastes [28]. However, the bioleaching process is slow, as microbial
action takes an extended time to break down the ores, which can delay metal recovery.
In the last decade, an increasing number of researchers have shifted their focus towards
investigating alternative methods like sorption [29,30], membrane filtration [31,32], and
ion exchange [33,34] for extracting metals from water affected by mining activities. These
emerging methods offer promising avenues to tackle environmental challenges and meet
economic objectives simultaneously.

Among these alternative methods, ion exchange (IX) stands out for its numerous
advantages. These include its high selectivity for specific ions, improved recovery rates,
reduced sludge production, rapid kinetics, and ability to meet stringent discharge limi-
tations [33,35]. Many researchers favor synthetic resins due to their superior efficiency
compared to natural materials [35-40]. Nonetheless, ion exchange remains widely ac-
knowledged as a highly efficient method for eliminating and reclaiming various metal
ions such as copper [41,42], cobalt [43,44], nickel [35,45], zinc [33,46], including rare earth
elements [47,48]. In a study by Sole [36], the focus was on eliminating zinc using ion
exchange. Employing the Lanxess aminophosphonic acid resin, TP 260, successfully re-
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duced zinc levels from 30 mg/L to below 1 mg/L. Abeywickrama et al. [33] utilized a resin
containing aminophosphonic acid to extract zinc from mine water in the Erzgebirge area
of Germany. Subsequently, through the de-loading process involving sulfuric acid, they
achieved a zinc concentrate yield of 12 g/L with a recovery rate exceeding 85%. However,
metal concentrates within the 3040 g/L range are essential for efficiently employing the
electrowinning technique to recover specific metals [36,37]. Therefore, if achieving these
concentrations proves economically unfeasible, an alternative strategy involves utilizing
the metal-enriched solutions as an additional resource for metal refinery operations.

This study concentrates on developing a technique for selective zinc recovery from the
mining-influenced water in the Freiberg area. Specifically, our focus lies on (i) analyzing
the water quality parameters in various mine drainage galleries and recipient streams, (ii)
assessing the zinc loading capacity of chelating ion-exchange resin featuring an aminophos-
phonic acid functional group, (iii) optimizing metal recovery through water pretreatment,
and (iv) comparing zinc recovery using various regenerant solutions. The successful appli-
cation of this technique can significantly reduce the discharge of mining-influenced metal
loads into natural streams while also producing a valuable secondary product, such as a
metal concentrate, that can contribute to a circular economy.

2. Results and Discussion
2.1. Mine Water Chemistry

The relationship of the milieu parameters of the discharged gallery waters is presented
in Figure 1a,b. Different galleries can be easily differentiated based on milieu parameters
except for a few data points. All mine waters are generally oxidized and show a higher re-
dox potential compared to river water samples in that they were discharged. The discharge
water of the VGS gallery shows a characteristic low pH (4.5-6.0) and higher conductivity
values (0.8-1.4 mS/cm) at a similar temperature and Eh ranges compared to other mine
water discharge galleries. RSS discharge water always had a 2-3 °C higher temperature
than the other galleries. VGS and HSU galleries had 5-6 °C higher temperature and redox
values than the Mulde river (FM) where they were discharged.

Table 1 summarizes the hydrochemical parameters of all three discharge galleries.
Generally, mine waters are rich in calcium and sulfate while low in sodium and carbonate.
Noteworthy, VGS shows very low bicarbonate and is compatible with lower pH. However,
HSU and RSS show good buffering against the low pH (also shown in Figure 1a). However,
the river water samples (in Mulde and Triebisch (TRI)) acquired from the upstream of the
discharge galleries show relatively lower sulfate and increased bicarbonates.

In the present study, the concentration of Fe and Al in the “total” fraction was found
to be much higher than the “dissolved” fraction for all VGS and HSU water galleries
(Figure 1c). Water samples from RSS and Triebisch River show a minimum value (close to
zero) of dissolved and particulate metal ions. On the other hand, HSU and Mulde river
samples show an increment of particulate Fe and Al in the water samples (0.1-0.5 meq/L).

In contrast, VGS samples show a wide range and increased amount of particulates
of iron and aluminum in the water (0.5-2.6 meq/L). It should be noted that the highest
particulate values (shown with a blue circle; Figure 1c) in the VGS were always observed
after the heavy rain events. All mine water discharge clearly indicates an elevated level
of sulfate concentration compared to receiving river systems (Figure 1d). VGS indicated
the highest and wide range of sulfate (6—11 meq/L) and chloride (2.5-5.5 meq/L) values,
whereas RSS and HSU show a similar range of sulfate values (4-6 meq/L). The VGS
waters show a wide range of sulfate concentrations (4.79-10.42 meq/L) compared to RSS
(4.38-6.25 meq/L) and HSU (1.67-2.48 meq/L). The discharge of the RSS was characterized
by low chloride concentrations (1.72-2.23 meq/L) compared to VGS and HSU waters
(Figure 1d). Zinc is considered one of the most important contaminant discharges from
mine water galleries in the Erzgebirge area. At all times, all three mine water galleries
discharge zinc at concentrations higher than the German threshold limit of 0.015 meq/L
(equivalent to 0.5 mg/L). The discharge from the VGS gallery shows significantly higher
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zinc concentrations (0.245-0.673 meq/L) compared to the HSU (0.061-0.306 meq/L) and
RSS (0.077-0.138 meq/L).
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Figure 1. (a) Pourbaix (Eh-pH) diagram; (b) Temperature versus electrical conductivity diagram of
the Erzgebirge mine waters; (c) Ratio of Particulate to dissolve Al + Fe; (d) The relationship between
Chloride and Sulfate.
Table 1. Summary of main hydrochemical parameters for mine water galleries in the Freiberg area
(from this study).
Gallery Name HSU Water (n = 23) VGS Water (n = 26) RSS Water (n = 12)
Parameter Min Max Mean  Stdv Min Max Mean  Stdv Min Max Mean  Stdv
Flowrate (L/s) 37.0 134 69.2 304 25.3 48.0 33.4 6.0 262 520 466 93.3
T (°C) 10.5 14.1 12.2 1.0 10.8 134 11.9 0.7 14.5 16.1 15.1 0.5
EC (us/cm) 832 1005 881 40.8 848 1429 1217 149.7 852 1035 915 48.8
pH 6.5 7.7 7.2 0.3 4.7 6 5.3 0.5 7.1 7.6 7.3 0.1
Eh (mV) 409 550 466 30.5 427 578 488 37.2 473 530 496 21.2
Na (mg/L) 23.1 49.0 30.1 5.6 20.2 484 33.3 7.8 27.6 40.6 34.2 3.9
K (mg/L) 34 10.8 5.3 1.6 2.7 8.4 5.2 1.1 44 5.8 49 0.5
Mg (mg/L) 20.9 29.8 24.7 24 23.0 444 37.8 49 20.5 26.2 23.6 2.0
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Table 1. Cont.

Gallery Name HSU Water (n = 23) VGS Water (n = 26) RSS Water (n =12)

Parameter Min Max Mean  Stdv Min Max Mean  Stdv Min Max Mean  Stdv
Ca (mg/L) 47.0 117 78.2 17.6 46.0 183 118 30.0 86.4 129 102 12.3
Al (mg/L) 0.2 2.6 0.9 0.6 1.7 18.5 7.7 3.9 0.1 0.3 0.2 0.0
Fe (mg/L) 1.8 10.1 34 1.9 0.3 11.1 1.8 2.3 0.5 1.5 0.8 0.3
Mn (mg/L) 1.9 5.6 3.6 0.8 3.9 11.2 7.8 1.7 04 0.8 0.7 0.1
Si (mg/L) 8.3 10.6 9.8 0.6 6.6 10.4 8.9 1.0 8.7 10.1 9.3 0.4
Zn(mg/L) 1.5 10.3 4.6 2.3 8.0 21.5 16.0 3.7 2.5 4.2 3.6 0.5
Cl™ (mg/L) 190 300 222 29.2 87.5 171 122 18.8 61.6 78.8 70.1 4.7
SO,2 (mg/L) 80.3 119 94.8 9.5 230 500 406 73.7 210 300 237 27.2
TIC (mg/L) 0.81 1.54 1.16 0.3 1.21 3.51 2.86 1.1 1.17 3.55 2.51 1.0
TN (mg/L) 1.61 3.59 2.45 0.9 1.53 3.51 2.86 1.5 2.52 3.79 2.14 0.8

2.2. Zinc-Adsorption Isotherms

The equilibrium statuses during batch adsorption studies can be generally explained
by isotherm modeling, which is characterized by parameters reflecting the surface proper-
ties and attraction of the adsorbent. This study employed the Langmuir and Freundlich
isotherms to establish a relationship between the amount of zinc ions adsorbed by TP 260
resin and their equilibrium concentrations in both synthetic and VGS mine water.

The Langmuir isotherm assumes a single monolayer formed through the reaction, with
specific binding sites, immobile adsorbates, and no adsorbate-adsorbent interaction. When
comparing the two models, it represents high sorption, while the Freundlich isotherm
reflects an infinitely layered scenario [49]. The specific form of the Langmuir equation is
presented in Figure S1. Correlation coefficients for the Langmuir and Freundlich models
were 0.99 and 0.65 for synthetic water and 0.97 and 0.78 for VGS mine water (20 mg/L),
respectively (Table 2). These results suggest that the Langmuir isotherm effectively de-
scribes zinc adsorption onto TP 260 resin, indicating a monolayer adsorption process on
the uniformly distributed active sites of the TP 260 resin surface.

Table 2. Adsorption isotherm parameters for zinc removal with synthetic and VGS mine waters.

Langmuir Freundlich
Zn qm Km R? Zn K¢ N R?
(mg/L) (mg/g) (L/mg) (mg/L) (mg/g)
Synthetic water 10 37.45 133 0.99 10 121 136.99 0.65
20 60.24 11.06 0.99 20 1.15 156.25 0.34
VGS water 10 20 4 0.98 10 151 10.7 0.73
20 24 1 0.97 20 1.13 25.06 0.78

2.3. Pretreatment of the Mine Water

Increasing the pH to 6 leads to forming an aluminum hydroxide precipitate, which re-
moves about 92% of the dissolved aluminum from the water (Figure S2). This precipitation
of aluminum reaches 100% as the pH is raised to 7. However, at pH 8, aluminum removal
slightly decreases due to the redissolution of aluminum hydroxide. Zinc precipitation
begins around pH 5.5 and reaches 100% at a pH of 8. Based on these findings, pH 6 was
determined to be the optimal level for pretreatment as it removes most of the aluminum
in the water with minimal zinc removal (approximately 15%). However, scaling up this
process to an industrial level may result in the generation of sludge that requires further
treatment. A previous study by Abeywickrama et al. [45] demonstrated that aluminum
could be selectively adsorbed onto TP 209 resin via ion exchange in a batch reaction with
a slag-leaching residue solution. Building on these findings, further studies need to be
conducted to focus on the selective adsorption of aluminum onto the resin. The goal is
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to produce a concentrated aluminum product that can be reintroduced into the circular
economy, enhancing sustainability and resource efficiency.

2.4. Recovery of the Zinc via lon Exchange

The results of the ion-exchange experiment conducted for the recovery of Zn from
mine water discharge in the VGS gallery are summarized in Figure 2. During the first phase,
two columns filled with fresh TP 260 resins were loaded with untreated mine water from the
VGS gallery. When untreated mine water was introduced into the ion-exchange columns
(columns V1 and V2), the breakthroughs of both Al and Zn occurred around 500-bed
volumes (Figure 2a). Notably, Al exhibited a gradual breakthrough curve showing a higher
affinity for the TP 260 resin. In contrast, Zn showed a steep curve, reaching exhaustion
at approximately 750 BVs and desorbing until the end of the loading experiment. This
desorption is likely due to the higher affinity of the resin for aluminum ions, which leads to
the displacement of zinc ions as the resin becomes saturated with aluminum. Several other
authors also exhibited a higher selectivity of the Al towards the aminomethylphosphonic
functional group [50,51].
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Figure 2. (a) Breakthrough curves of untreated mine water (Zn and Al) loaded into IX column with
TP 260 resin; (b) breakthrough curves of pretreated mine water (after Al precipitation); (¢) De-loading
curves of Zn and Al in untreated (column A) and pretreated (column B) mine waters; (d) Mass
balance of column A and B (L—loading, De—De-loading).
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Consequently, additional measures were implemented to eliminate Al as a pretreat-
ment, as described in the preceding subchapter. Subsequently, aluminum-free mine water
(pretreated) was pumped into two additional columns. Column V3 was filled with fresh TP
260 resin, while column V4 utilized the second cycle of the V2 column after the de-loading
with sulfuric acid (employed in the previous experiment with untreated water).

In column V3 (fresh resin), the breakthrough points of Zn extended to 1000 BVs, with
exhaustion reached at nearly 2500 BVs (Figure 2b). In the absence of Al, the resin’s zinc
retention capacity increased to 1 eq/L, compared to 0.14 eq/L when Al was present. During
the de-loading of column V3, a Zn concentrate of 19 g/L (Figure 2c) was produced without
any co-elution of the Al. In column V4, where the resin from the previous cycle was
employed, Zn breakthrough occurred prematurely, approximately after 80-bed volumes.
This can be attributed to the partial removal of Al during the de-loading process of the
previous cycle. Consequently, the resin in column V4 was predominantly saturated with Al
loaded during the previous loading cycle.

Mass balance results of the regeneration experiments of columns V1 and V2 indicated
that nearly 14% of Al was able to de-load during the regeneration process (Figure 2d).
Remarkably, in all cases, Zn recovery approached 100% (Table 3). These findings highlight
the effectiveness of the ion-exchange process in selectively recovering zinc from mine water
discharge, notably when aluminum is excluded as a pretreatment.

Table 3. Mass Balance for zinc and aluminum in columns V1, V2, V3, and V4 (in meq).

Column Loading De-Loading Remained
Zinc

V1 14.6 £ 0.7 145+ 0.7 0.1 £ 0.005
V2 169 £ 0.8 16.6 £ 0.8 0.3 £0.015
Aluminum

Vi1 185 +9.2 26.8 + 1.3 158 +7.9
V2 211 £10.5 30.7 =+ 1.5 181 +9.1
Zinc

V3 81.3+4.1 81.2+4.1 0.04 £ 0.002
V4 239+1.2 283+ 14 -
Aluminum

V3 7.30+04 23+0.1 497 £0.2
V4 5.04 + 0.3 49.6*+24 -

* Note-excess de-loading of Zn and Al in column V4 resulted from the incomplete de-loading of ions in previous
cycles (V1 and V2).

2.5. Effect of Regenerant on Metal Recovery

Figure 3a,b present the de-loading profiles of Zn and Al, respectively, for columns
V1 and V2. Both columns were subjected to loading with untreated mine water. The Zn
de-loading process commenced at 0.5-bed volume in both columns and peaked and 3 bed
volumes. Most of the zinc de-loading was completed by 5-bed volume. Notably, the column
treated with 5% HCI exhibited a peak zinc concentration of 1.9 g/L, whereas the column
treated with 5% H,SO, acid showed a higher peak zinc concentration of 3.5 g /L.

Similarly, the Al elution also initiated at 0.5-bed volume and persisted until the cycle’s
completion at 10-bed volumes without reaching the baseline. The Al concentrations surged
to 0.75 and 0.88 g/L for columns V1 and V2, respectively. Table 3 shows the mass balance of
Zn and Al for all four column experiments. It is evident from Table 3 that at the end of the
loading process, the resin capacity was predominantly occupied by Al ions (around 93%) in
the first two columns (V1 and V2), with only 14 and 16 meq (around 7% of its operational
capacity) of zinc being adsorbed. After the de-loading process, almost all the zinc ions were
recovered, and most of the aluminum ions stayed within the resin. Significant enhancement
in de-loading efficacy was noted in pretreated columns V3 and V4 (refer to Figure 3c,d)
upon their treatment with 5% H,SOy acid.
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Figure 3. De-loading curves for (a) zinc and (b) aluminum in columns V1 and V2; column V1 was
regenerated with 5% HCl, and column V2 was regenerated with 5% H,SOj acid; (c) de-loading curves
for column V3, and (d) column V4.

In column V3, featuring fresh resin, a peak concentration of 18.5 g/L was attained. Con-
versely, in column V4, utilizing previously used resin, a peak concentration of
10 g/L was observed, albeit accompanied by some aluminum co-elution from the pre-
ceding loading cycle. The results suggest that aluminum adsorption onto the resin TP
260 may permanently reduce the operational capacity of the resin. Moreover, aluminum
cannot be readily deloaded from resin TP 260 via 5% H,SOj. Further investigation into the
physical status of the resin using SEM-EDX was conducted later to understand aluminum
adsorption onto the TP 260 resins.

Mass balance results also indicated that only 14% of the aluminum was able to de-load
during the de-loading process. Remarkably, in all cases, Zn recovery approached 100%.
From the overall mass balance perspective, it is apparent that the zinc capacity of the resin
can be increased up to 1 eq/L when aluminum is absent in the system, compared to the
mere 0.14 eq/L capacity observed in its presence. According to the resin manufacturer,
the maximum capacity of the resin is stated to be 2.4 eq/L [52]. However, the highest
operational zinc capacity documented in the literature is 1.8 eq/L, obtained under specific
conditions of 30 mg/L zinc concentration and a water pH of 4.5 [53]. This indicates that
further optimization of zinc capacity could be achieved through pH manipulation of the
aqueous phase. Future research should focus on enhancing zinc recovery while considering
the cost-benefit implications of pH adjustments and zinc capacity improvements. How-
ever, these findings highlight the effectiveness of the ion-exchange process in selectively
recovering zinc from mine water discharge, particularly when aluminum is excluded as
a pretreatment.
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2.6. Characterization of the Physical Status of the Used Resins

Figure 4 illustrates the outcomes of an EDX analysis conducted on the initial state
of the ion-exchange resin (TP 260) utilized in this investigation, outlining the elemental
composition alongside respective measurements. Accompanying the measured values
are normalized mass percentages and atom percentages, offering insights into the relative
prevalence of each element. Furthermore, the table incorporates absolute error percentages,
reflecting the degree of uncertainty linked with the measurements. Accordingly, carbon,
oxygen, and phosphorus emerge as the predominant elements, comprising 49.61%, 30.75%,
and 8.48% of the mass on the resin surface. Notably, the elevated sodium content observed
in the resin (11.06%) arises from sodium ions on the resin, serving as counter ions to
neutralize the anionic functional group (amino methyl phosphorus group).

Mass  MassNorm. Atom  abs.error[%]  rel.error [%] Mass  Mass Norm. Atom

abs. error [%] rel. error [%]

Element At.No. Netto  [%] [%] %] (1sigma) (1 sigma) Element AtNo. Netto  [%] [%1 &3} (1 sigma) (1 sigma)

G 6 1664  54.81 2961 60.65 3.27 597 € 6 8356  66.02 57.00,  66.77 3.56 5.40
o 8 1153 33.97 30.75  28.22 21 618 O 8 34 3473 29.98 2637 1.95 5.50
[na | 11 2608 12.29 11.06/ 7.06 1.56 1274 Na 11/ 6072/ 6.97. 5.02. 3.68 0.61 8.74
al 13| 13 0.04 0.04 0.02 0.04 93.33) Al 13 41 016 014 007 0.03 19.82
(3 15| 3187 9.37 8.48 4.02 0.88 9.38 P 15 8040 7.93 6.84 3.11 0.5 6.35
s 16| 16 0.06 0.06] 0.03 0.04 69.37 S 16 o 000 0.00,  0.00 0.00, 157
ca 20| o 000 0.00 0.00 0.00 091 [Ca 20 14 0.02 0.02 0.01 0.02 124.79
Mn 25| o 000 0.00 0.00 0.00 065 Mn 2 o 000 0.00,  0.00 0.00, 0.65
Fe 26| 0 000 0.00 0.00 0.00 064 Fe 26 0 0.00 0.00 0.00 0.00 0.64
Zn 30| o 000 0.00 0.00 0.00 069 Zn 30 o 000 0.00,  0.00 0.00, 0.69

Sum 110.47 10000 100.00 Sum | 11582 10000 100.00

Figure 4. SEM-EDX observation of the Initial stage of the TP 260 resin.

Figure 5 shows the elemental composition of deloaded TP 260 resins with 5% hy-
drochloric acid (Figure 5a) and 5% sulfuric acid (Figure 5b). Compared to the initial stage
of the resin shown in Figure 4, the deloaded resin showed the absence of sodium ions from
the resin matrix, suggesting the complete occupation of the resin capacity by other ions.
However, the resin also indicates the availability of a considerable amount of aluminum
after the de-loading process. This suggests that neither acid was able to completely re-
move aluminum during the de-loading process. This confirms the mass balance results
explained in Table 3 and suggests the importance of the pre-removal of aluminum before
the ion-exchange process.

The resin deloaded with hydrochloric acid exhibited a minor presence of zinc (0.1%),
whereas the resin treated with sulfuric acid showed no detectable zinc on the resin surface
(Figure 5). Mass balance calculations of the zinc recovery also suggest that sulfuric acid is
more effective in removing zinc than hydrochloric acid. However, the significant difference
in zinc content was not apparent through EDX measurements. Furthermore, the resin
deloaded with HCl displayed a chloride mass of 5.6%, while the resin regenerated with
sulfuric acid showed a sulfur content of 6.3% on the resin surface (Figure 5).
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TP_260_R_5% HCL_EDX_1 TP_260_R_5% H2504_EDX_1

Mass  MassNorm. Atom abs. error [%] Mass  MassNorm. Atom abs. error [%)
Element  At.No. Netto (%] (%) (%) (1sigma Element At.No. Netto %) (%) %) (1sigma
C 6 283118 91.02 57.11  67.6 489 ¢ 6 5389 46.67 42.42 53.59 2.62
o 8 158881 47.91 30.06 26.71 257 o 8 8322 43.53 39.57 37.52 2.36
Na 11 000 0.00 0.00  0.00 02 Na 11 000 0.00 0.00  0.00 0.24
Al 13 193900  3.74 234 123 013 Al 13 6496  2.96 269 151 0.17
Si 14 115 003 001 0.01 012 s 14 124 0.04 0.04  0.02 0.01
P 15 397132 7.52 4.72 216 019 p 15 22855 9.75 886 4.34 0.45
a 17 378245 9 5.64  2.26 018 s 16 14155  6.95 632 299 0.32
K 19 000 0.00 0.00  0.00 098 K 19 000 0.00 0.00  0.00 1.02
Ca 20 000 0.0 0.00 0.00 0.87 Ca 20 000 0.0 0.00  0.00 0.91
fFe 26 1025  0.05 003 0.01 001 Ffe 26 72 011 01 0.03 0.03
Zn 30 1980 0.16 0.10 0.02 001 2zn 30 000 0.0 0.00  0.00 0.01

Sum 159.43 100.01 100.00 Sum 110.01 100.00 100.00

Figure 5. Elemental composition of used TP 260 resins (a) regenerated with 5% HCl acid (b) regener-
ated with 5% sulfuric acid.

These results indicate that traces of acid composition are visible on the resin surface
even after washing the resins with distilled water. This might make the resin more acidic
on the next loading cycle. Therefore, washing the resin with distilled water and subsequent
conditioning is important to avoid problems in the long-term operation of the resin. Fur-
thermore, it should be noted that both resins show small-scale patches (20-80 um) on the
resin surface, which might have been caused by the acids used in the de-loading process.
More studies should be focused on the effect of acid concentration on metal recovery and
resin life to enhance metal recovery while enhancing the lifetime of the resin as well.

2.7. Significant of Metal Recovery from Point Sources

Estimating elemental fluxes to the receiving rivers is essential to understanding the
nature and the extent of the effect of mine discharge on the overall mass transport of
the river system. The last detailed investigations of the three drainage tunnels date from
the years 2000 and 2003 [54,55]. Even then, in comparison to measurements from the
1970s and 1980s, it was found that the content and loads in the tunnels were subject to a
steady downward trend. To further investigate up-to-date trends of elemental fluxes, the
estimated total fluxes (median value in g/min) in this study and the median elemental
flux calculated by Degner [55] are compared in Table 4. It can be observed that the fluxes
of earth alkalis (Mg and Ca), alkalis (Na and K), and Al have significantly reduced in
VGS and RSS discharge. This can be attributed to the finite amount of elements in the
pit that can be flushed out. However, HSU indicates an elevated flux of earth alkalis
and alkalis in its discharge. Except for the total Fe flux at VGS, all three galleries show
elevated fluxes of Fe and Mn at their discharge. Total Zn flux at the VGS and RSS indicates
considerably lower values, while HSU indicates slightly higher values than the previous
study. All three discharges indicate considerably lower sulfate load as well. Overall, all
these weathering/or rock-dominated composition trends in the mine water will be merged
later in the Elbe River system.
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Table 4. Median Elemental Fluxes from Freiberg Mine Drainage Galleries to Receiving Rivers.

Load (Median) HSU VGS RSS
g/min 2003 [55] 2022 2003 [55] 2022 2003 [55] 2022
Na 51 9% 140 67 1780 1021
K 11 16 19 10 250 141
Mg 65 80 178 76 970 697
Ca 180 261 410 240 3800 3097
Al 23 3 54 13 7.9 6
Fe 7.4 10 7 3 23 20
Mn 0.2 12 2 16 1.2 21
Si NA 33 NA 18 NA 275
Zn 14 18 130 33 170 113
Cl 120 693 250 239 2180 2116
SO42~ 590 316 2200 851 11,700 7243

Al, Fe, Mn, and Zn are given as total loads; other elements in dissolved loads; NA—not available.

Generally, Ca, Mg, and Na mainly contributed to the solute fluxes among cations and
SO42~ and Cl~ among anions. In particular, for trace elements, higher fluxes are relative
to zinc. A calculation by Martin et al. [56] showed that about 37% of the total zinc load in
the Elbe originates from the Freiberg mining area. Based on the comparison between this
study and Degner [55], it can be assumed that the zinc load has considerably gone down
throughout the last two decades. This study offers valuable insights, although a more
complete understanding necessitates year-round data that incorporates extreme events,
including snow melt and prolonged rains. Our simplified calculations indicate significant
annual zinc discharges: a minimum of 26 tons from the VGS and HSU galleries to the
Mulde river and 59 tons from the RSS gallery to the Triebisch River. Importantly, this
research highlights the environmental impact of historic mining activities and proposes a
solution. The showcased technique offers a two-fold benefit: treating mine water to remove
harmful elements from recipient rivers and recovering them for potential reuse within
a circular economy. Further research incorporating year-round data and extreme events
could quantify the full extent of this issue and refine the proposed solution for even greater
environmental impact.

3. Materials and Methods
3.1. Study Area

Freiberg is in the Saxon mining district and belongs to the Erzgebirge World Heritage
area in central-eastern Germany (Figure 6). The annual mean rainfall in the study area is
about 600 mm. The Freiberg polymetallic sulfide deposit was continuously exploited from
1168 to 1968. The deposit is mainly made up of two hydrothermal vein systems aged from
the Late Variscian to the post-Variscian era [54]. Various researchers have also explored the
potential environmental effects of the Freiberg mine [19,56-58].

The main underground working area extended into a network of different adits and
reached a depth of 740 m below the surface level. At the beginning of the 19th century, the
RSS gallery was constructed mainly to dewater the deeper water levels of the mine. Due to
economic reasons, the mining activity was seized in 1968, and subsequently, part of the
mine was flooded up to 225 m below the surface level, where the RSS is located [11]. The
total amount of flooded mine working is around 2.6 million m?, including mined-up ore
bodies, waste dumps, and secondary filled materials [59].
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Figure 6. Location of the Reiche Zeche Mine and the important Mine drainage galleries “Vertréagliche
Gesellschaft Stolln” (VGS), “Rothschonberger Stolln” (RSS), “Hauptstolln Umbruch” (HSU).

The unflooded part of the mine is mainly composed of backfilled waste rocks, remnants
of mined-out ore bodies, thin veins, and ore minerals within the host rocks. The mine
water from some upper mining regions discharges via VGS and HSU into the Mulde river.
The VGS water gallery forms the starting point of the Roter Graben, which diverts the
mine water flowing out of several drainage tunnels (also HSU) into the Freiberger Mulde
river [11]. Today, in addition to the infiltration water collected in the Freiberg mine galleries,
cooling water from the Freiberg South industrial estate is discharged into the Roter Graben
via the VGS. As water infiltrates through mine dumps and galleries, it becomes strongly
enriched through dissolution. In the early 19th century, the HSU drainage gallery was built
to improve drainage in the Freiberg mine because the water in old works repeatedly flowed
into the deeper ground. After all, the wooden channels were leaking. HSU now mainly
collects rainwater flowing through mountains/mine galleries via old adits and dewater
into the Freiberger Mulde at the same level as VGS [11,54].

3.2. Mine Water Sampling and Preservation

This study collected water from the outflow of three adits (VGS, HSU, and RSS)
and the recipient rivers from July 2021 to September 2021 and May 2022 to August
2022. First, the organoleptic assessment was made at the sampling site to inspect the
smell, color, and turbidity. Then, electrical conductivity (EC25), pH, redox, and tem-
perature were measured on-site with a daily calibrated multimeter (WTW Multi 3430,
Wissenschaftlich-Technische Werkstatten GmbH, Weilheim, Germany). The flow rate at
VGS and HSU discharge was determined with a “folding rule” by considering the outflow
cross-section and the measured time of a “swimming body” over a distance of 2 m. The
flow rates of the RSS discharge were taken from the automated probe installed at the site
(which can be checked at www.umwelt.sachsen.de (accessed on 10 January 2023). In total,
61 water samples were collected in 8 sampling campaigns. We decided on two filtration
steps (5 um and 0.45 um PSE membrane filters) for sample separation for compatibility
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purposes. Hereinafter, <0.45-um fractions are termed “dissolved”, and >0.45-pm fractions
are termed “particulates” (colloidal and larger suspended particles). Daily water samples
were collected and transported to the laboratory for storage at 4 °C. Subsequent chemical
analysis was conducted using Microwave Plasma-Atomic Emission Spectroscopy (MP-AES,
Agilent Technologies Deutschland GmbH, Waldbronn, Germany).

Apart from the water sampling explained above, in March 2023, a total volume of
1200 L of mine water from the VGS gallery was collected to conduct ion-exchange exper-
iments to recover Zn as a secondary source of raw materials. The water was collected
through a standing pump into 15 L smaller containers, which were then brought back to
the laboratory to be stored in 300 L canisters for later experiments. All column experiments
were started within one week of the water sampling.

3.3. Pretreatment of Mining-Influenced Water Before the Ion-Exchange Process

Considering the higher affinity of resin TP 260 towards aluminum (Al), a pretreatment
strategy was developed to eliminate Al by precipitation. The primary objective of this
strategy was the elimination of aluminum through precipitation, achieved by elevating
the pH to 6.0. This pretreatment process preceded the ion-exchange experiment and was
specifically designed to enhance the loading capacity for Zn on the resin. A preliminary
small-scale experiment was conducted to establish the optimal conditions for precipitating
all Al from the water samples. This experiment involved five water samples, each measur-
ing one liter. The objective was to systematically assess the impact of different pH levels
on aluminum precipitation. Various amounts of sodium hydroxide were systematically
introduced into each water sample to attain targeted pH values from 4 to 8. The quantity of
sodium hydroxide for each sample was determined using calculations using PHREEQC 3.0
(U.S. Geological Survey).

Subsequently, discrete samples were extracted from each treated sample after 24 h.
The concentrations of zinc and aluminum in these samples were analyzed using MP-AES.
This analytical technique was employed to identify the most efficient pH for aluminum
precipitation, therefore establishing the optimal pretreatment step for the subsequent
column experiment. Following the successful removal of aluminum, the treated water was
filtrated using a 0.45 um membrane filter to remove the precipitated Al (III) metals and any
colloidal particles in the water.

3.4. Characterization of lon-Exchange Materials

The TP 260 resin, also known as Lewatit TP 260 (K6ln, Germany), is a macroporous
IX resin incorporating an aminomethyl phosphonic acid chelating functional group. The
resins were utilized without any prior conditioning steps. These resins were selected based
on their predetermined affinity order for the elements available in the chosen water matrix.
Table 5 provides an overview of the key properties of the resin. Lanxess Deutschland
GmbH (K&ln, NRW, Germany) supplied the resin samples. The application of scanning
electron microscopy (SEM) in conjunction with energy-dispersive X-ray (EDX) analysis was
utilized to examine the modifications in surface morphology and chemical composition of
the resins during the IX process.

Table 5. Specifications and properties of the resins used in the study [52].

Property TP 260

Structure Macroporous weak acidic
Matrix Crosslinked polystyrene
Functional group Amino Methyl Phosphonic
Average particle size (mm) 0.85 + 0.05

Uniformity coefficient 11

Bulk density (g/L) 709

Total exchange capacity (H form) 2.4eq/L

pH range 2-10
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3.5. Batch Adsorption Studies

The batch studies were carried out in two phases. In the first phase, the study was
performed using synthetic water with zinc concentrations of 10 and 20 mg/L. The aqueous
solutions were prepared by dissolving an appropriate quantity of zinc sulfate in the distilled
water. The zinc sulfate was used in the crystallized form with the formula ZnSO,4.7H,O.
The batch experiments were carried out with 1000 mL of prepared solution and a fixed
amount of TP 260 resin (from 0.1 mL to 2 mL). The solutions with resin were agitated for
24 h at 15 rpm until they reached the equilibrium state. The process was repeated for VGS
mine waters with zinc concentrations of 10 and 20 mg/L. At the end, a sample from each
canister was filtered, and the final concentration of the zinc in the solution was measured
via MP-AES) to determine the adsorption capacity of the resin and the removal efficiency.
All the experiments were carried out at room temperature. The zinc-adsorption capacity
for different initial concentrations was calculated from

(Co—Ce)V

Ge = ———— 1)
where g, (mg/g) is the equilibrium adsorption capacity, Cy is the initial concentration, and
C. is the equilibrium concentration of the intended ion in the solution. The volume of the
solution represented by V (in liters) and m (in grams) is the mass of the resin. Ion-exchange
isotherms can depict the relationship at constant temperature between the concentration of
a dissolved substance (adsorbate) and the amount adsorbed per unit mass of the adsorbent
material. Therefore, to gain a deeper understanding of the equilibrium data, the study
utilized the Langmuir [60] and Freundlich [49] isotherm models, which are commonly
found in scientific literature. These isotherm models can be used for characterizing heavy
metal adsorption on adsorbates due to their simplicity and effectiveness in describing
experimental data across a broad range of concentrations [46,47,61].

3.6. Column Experiments

In the ion exchange column setup, the process begins by introducing a solution
containing metal ions into the resin bed. This continues until metal ions start to emerge
from the opposite end of the column, indicating a breakthrough. Following conventional
practice, the next step, often referred to as “regeneration”, entails extracting the adsorbed
ions from the resin using a regenerant solution [38]. This process enables the resin to be
reused in subsequent loading cycles. However, this study proposes substituting the term
“regeneration” with “de-loading” to underscore the emphasis on recovering metal ions
from the resins during this phase.

The column studies involved fixed-bed experiments using untreated mine waters
(containing Fe and Al) as well as pretreated water (without Fe and Al). The primary
objective was to evaluate the overall exchange capacity of the resin for Zn and compare the
desorption behaviors of co-loaded ions by analyzing the loading and de-loading profiles.
The experimental setup details are provided in Table 6. All four columns used in this
study had dimensions of 1.5 cm in diameter and 12 cm in height, with a BV of 100 mL
of wet-settled resin. The exact resin volume for the column (100 mL) was determined
after immersing the fresh TP260 resin in distilled water for 24 h. Moreover, before the
experiment, the column setup was tested with distilled water to remove trapped air. The
columns were run with distilled water for 1 h to ensure the setup was completely packed
with no possible cracks, channels, or unwanted voids. After loading, columns were
flushed with 6 BVs of distilled water to remove excess ions from the system. The loading
and de-loading processes were carried out at a flow rate of 10 BVs per hour. Regular
samples were collected throughout the experiments to analyze a wide range of elements
using MP-AES.
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Table 6. Column experiment setup for the zinc recovery from mine waters of the VGS gallery.

Resin Column ID Bed Volume (mL)  Flow Rate (BV/h)  De-Loading

TP 260 (new) V1 100 10 5%H,504
Untreated VGS water  1p 565 () V2 100 10 5% HCl

TP 260 (new) V3 100 10 5%H,50,
Treated VGS water TP 260 (used) Vi 100 10 5%H,50,

The first two columns, labeled V1 and V2, employed new TP 260 resin to extract zinc
from untreated VGS water. V1 underwent de-loading with 5% HSO,, while V2 utilized
5% HCI for de-loading. Similarly, two additional columns, denoted V3 and V4, were
designated for use with pretreated VGS water, which had undergone aluminum removal
via precipitation. In this setup, V3 utilized new TP 260 resin, while V4 employed previously
used resin from V1. Both V3 and V4 columns underwent de-loading using 5% H;SOy4.

3.7. Chemical Analyses

Sulfate levels were measured using the SulfaVer 4 method (Hach, Loveland, CO,
USA), while chloride concentrations were determined using the LCK 311 method (Hach,
Diisseldorf, Germany). Both analyses were conducted on water samples collected in 50 mL
brown glass bottles without preservation, utilizing a Hach DR 3900 (spectrophotometer
(Hach, Loveland, CO, USA). Element composition (Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si,
Zn), including major cations, was measured by MP-AES from the filtered and preserved
water samples collected into 50 mL PE bottles. Minimum detection limits for cation
measurements were 0.02 mg/L for Zn, Fe, and Al, and 0.01 mg/L for K, Ca, 5i, As, Mn,
and S. TIC/NPOC/TN were analyzed with the TOC-Analyzer Analytic Jena multi N/C
2100 S (Analytik Jena GmbH+Co. KG, Jena, Germany), using the water samples collected
into 50 mL brown glass bottles without preservation. The accuracy and the precision of
the analysis were verified against reference water and dilutions. Ion balance errors of the
analyzed samples were verified using PHREEQC (3.0) geochemical code by incorporating
the WATEQ4F database.

3.8. SEM-EDX Analyses

The surface morphology and chemical composition of the selected resins were an-
alyzed using scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDX). A HITHACHI-TM 4000 SEM device (Tokyo, Japan) was used, with an acceler-
ating voltage of 15 to 20 kV for the characterization. Various magnifications were employed
to observe the resin bead morphology. At the same time, EDX mapping was performed
to determine the spatial distributions of targeted elements (Zn, Fe, and Al) at the same
acceleration voltage. The resins were affixed to an aluminum stub holder with adhesive
stickers. The initial state of the resins was assessed without any prior treatment. However,
the resins deloaded with acids were washed with distilled water and dried before passed
with the SEM-EDX.

4. Conclusions

This study demonstrates the feasibility of efficiently recovering metals from mining-
influenced water using ion exchange. Given the selective range of ion-exchange resins
toward different metals, pretreatment steps are often required to remove competitive ions
before introducing the target metal ions into the ion-exchange circuit. In this study, the se-
lective removal of competitive ions from the mining-influenced water effectively increased
the zinc loading capacity of the resin from 0.2 eq/L to 1 eq/L. Under optimized conditions,
the de-loading process produced an 18.5 g/L zinc concentrate with 100% recovery. Sulfuric
acid demonstrated superior elution efficiency compared to hydrochloric acid. However,
SEM-EDX analysis revealed residual acid on the resin surface even after washing with
distilled water, which may affect the resin’s performance in subsequent loading cycles.
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Therefore, further research is needed to understand the long-term impacts of this residual
acid on resin capacity. The study also estimated that three mine water galleries contribute
approximately 85 tons of zinc annually to the Elbe River. Scaling up this technique to point
sources of contamination, such as mine waste discharge points, could significantly reduce
metal discharge into the environment. Additionally, the zinc concentrate produced could
be used for research and development of new technologies or processes for zinc extraction,
as well as exploring novel applications for zinc-based materials. It also holds potential for
environmental remediation, such as soil stabilization, where zinc can help control pollution
or promote plant growth. Therefore, these endeavors contribute to a circular economy and
serve as a pivotal measure in environmental conservation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/recycling9060105/s1, Figure S1: Linear presentation of Langmuir
isotherm for Synthetic water and VGS water (10 and 20 mg/L zinc concentration); Figure S2: Zinc
and aluminum removal from VGS water at different pH levels.
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