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Abstract: Sorption of Cu and Zn was investigated using single and mixed mineral systems under sulfidic-anoxic condition to 
treat wastewater obtained from disused mine pits at Parys Mountain in, United Kingdom. Water courses are the recipients of 
these contaminants. In these water courses fishing activities exist. Attempt was made to reduce the Cu and Zn levels intake in the 
watercourses using mineral systems of clays and goethite. These were tested with the mine waste water for characterization of 
copper and zinc removal at variable pH, solid concentration and contact time. In addition, levels of saturation of hydroxyl 
complexes were modeled. Batch reactions conducted at ambient temperature (23±2°C) reveal all systems of assorted minerals 
sorbed more Cu than Zn. In addition, Cu sorbed on iron sulfide exhibited increase in sorption with increasing pH. There was 
cross cutting effect of Cu and Zn sorbed on iron sulfide at pH 6 and Cu sorbed on goethite at about pH 7, These indicate similar 
metal removal characteristics. Differences in removal of copper and zinc ions may be assigned to outer sphere complexation and 
specific adsorption of copper and zinc ions. Non-promotive Cp effect (i.e. decrease in metal removal with increase in 
concentration of particle) was observed in all minerals. This effect may be assigned to increase in aggregation of the mineral 
particle size. Ageing characterization progresses as residence time was increased. This may be assigned thiol (=S-H) and 
hydroxyl (=Me-OH) groups and sites of reactions. There is no link to stable hydroxylation of copper and zinc species that could 
significantly contribute to the removal of these metals. 
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1. Introduction 

Pollution by heavy metals derived from acid mine drainage, 
and wastewater treatment are the foremost sources of sullied 
water chemistry [1]. Metal plating, mining and painting 
generate heavy metals. These metals become a severe public 
health concern.  

This is because they are persistent and have negative effect 
on the environment [2]-[3]. Zn is a trace element and it is 
essential for nutrition. However, when taken in excess doses, 
it may be toxic. This could become risky in groundwater and 
other water resources due to accumulation in living organisms 
[4]-[5]. It is widely known that an overdose of Zn can lead to 
depression, lethargy, neurologic signs such as seizures and 

ataxia, and increased thirst [6].  
Therefore, elimination of Zn(II) from water sources is 

necessary [7]-[8]. Water bodies receive metal ions by various 
anthropogenic activities. These metals damage the 
environment and are toxic on human and other forms of life. 
Solution chemistry and reliable sorbents are the determinants 
of dissolved metal species [9].  

Copper and zin removal from aquatic solution is determined 
by the composition of the solution [10]. These include the 
effect of, pH and particle concentration in the wastewater 
[11]-[13]. pH remains an important factor in metal removal 
from aqueous environments [14]. The solubilities of metals is 
controlled by pH.  

Other effect of pH includes hydrolysis characterization and 
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surface charge [15]. Lower pH attenuates hydrolysis and 
enhances metal accumulation in the solution [16]. Heavy 
metal adsorption is known to be dependent on the anion nature 
and the adsorbent surface [17]. outer sphere complexation is 
reported as decrease in adsorption as particle concentration 
increases.  

inner sphere complexation is reported when increase in 
particle concentration does not significantly lead to increase in 
adsorption. Promotive particle concentration effects are 
reported when adsorption increase with increase in particle 
concentration [18]-[20]. The reasons for the latter is unclear. 
Ionic species present in solution is influenced by the dynamics 
of the mineral- solution ratio.  

This is governed by the fact that high and new sites of 
reactions are formed. However, sorption of metalloids and 
metals does not have a linear relationship with respect to this 
episode [21]-[26]. The sorption mechanisms responsible 
removal of copper and zinc involve both slow and fast reaction 
phases.  

The slow reaction phase is attributed to slow inter-particle 
diffusion and higher activation energy when compared with 
the fast metal removal sites. The fast reaction phase may be 
assigned to adsorption by electrostatic attraction [8]. Similar 
processes include specific adsorption and precipitation in 
many respects. In natural systems, adsorption generally occurs 
on mineral surfaces that are themselves precipitates [27]-[29]. 
These processes could piece together and the prevalence of 
one is hard to determine. This may be described by the 
following tentative mechanism [30]-[32]. 

2
2 22 ( ) 2M H O M OH H

+ ++ ⇔ +                     (1) 

Copper interface with mackinawite, a chalcopyrite period 
appeared to form, whereas interaction with pyrite seemed to 
produce twofold Cu sulfide (i.e. covellite at lower loadings 
and chalcocite at higher loadings) are provided [33]. The 
performance of copper in sulfidic solutions is complex. 

This could exist in several valence states. In addition, it is 
widely known that colloidal ZnS sols form during rapid 
precipitation of zincs sulfide from aqueous solution under 
sulfidic condition [34]. Heavy metal adsorption was increased 
with increase in initial concentration metal.  

Increase in heavy metal removal as initial concentration of 
metal increase has been studied [35]. This adsorption increase 
capacity in relation to the metal ions concentration can be 
explained with the high driving force for mass transfer 
[36]-[37]. The use of wetland systems for treatment of 
wastewater has increased in communities without public 
sewage systems coupled with low economic development 
[38-40]. Some of these techniques are enumerated: Zn2+ 
removal by PVA/EDTA resin in polluted water and Batch and 
stirred flow reactor experiments on Zn sorption in acid soils 
Cu competition [7]-[8]. 

Sorption involving sulfides sorbent reactive sites and the 
metal adsorbate involves three phases of reactions. These are 
outer sphere, inner sphere complexation and Intra-particle 
diffusion.  

The latter involves the diffusion of the metal ions in the 
pore of the mineral systems [41]-[42]. Surfaces of metal 
sulfides contain thiol (=S-H) and hydroxyl (=Me-OH) groups 
and sites of reactions. Also, clays and goethite have an 
enormous amount of OH- groups. These easily developed 
protons at low pH, giving rise to positive charge [3]-[43].  

Due to its common occurrence and high reactivity under 
reducing conditions, mackinawite is known as a possible 
removal material for toxic trace metals. Authors have shown 
that mackinawite effectively remove heavy metals such as 
Cu(II), and Zn(II) [44]. These ions can have precipitated as 
metal sulfides, and the partition coefficient of each metal 
strongly increases with the decreasing solubility of the 
precipitated form of metal sulfides. The possible reactions for 
the incorporation of divalent metals into FeS are given [45]: 

2 ( )Fe HS FeS H FeSformation
+ − ++ → +             (2) 

2 2 ( )FeS Me Fe S Me Metaladsorption
+ ++ → − +        (3) 

2 2( )Fe S Me Fe Me S Fe
+ +− + → +               (4) 

2 2FeS Me MeS Fe+ ++ → +                  (5) 

Concerning heavy metals adsorption onto pyrite, it widely 
reported that hydrolysis reaction mechanism offers a better 
explanation than ion exchange [3]. Pyrite surface charge can 
be governed by protonation- deprotonation mechanism of 
reactions of the surface S groups. These form hydrogen sulfide 
and metal precipitate as provided:  

S H S H− +≡ − ↔≅ +                                                         (6) 

Water decomposition can occur during surface hydration. 
This can take place at S sites leading to hydroxyl release or at 
Fe sites, leading to proton release in solution as depicted in 
equation [75, 70]. 

2S H O S H OH≡ + ⇔ − +                              (7) 

2Fe H O Fe OH≡ + ↔ − +                              (8) 

2
2 2H S Me MeS H

+ ++ → ↓ +                            (9) 

The hydrogen sulphide produced, combines with metal 
cations to form insoluble precipitates of metal sulphides 
[46-47]. Bacteria in liquid produce iron sulfide medium with 
added Fe ions. These sulphides act as absorbent for heavy 
metals. They have specific uptake capacity for different metal 
ions from solutions [48]. Details of the Freundlich model 
isotherm and the related empirical model have been used in 
elucidating the copper and zinc reactions.  

In this paper, the sorption relationship between Parys mine 
wastewater containing copper and zinc metals and mineral 
systems based on different solution composition, ageing under 
sulfidic-anoxic conditions was investigated. Copper and zinc 
metal investigation is based on the understanding that these 
metals are some of the common toxic metals in wastewaters. 
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2. Study Site 

 

Figure 1. Location map of study sites in Wales. 

Wastewaters were obtained from the mine pits in Parys 
Mountain mine (Grid Ref. SN 443907) and Cwmrheidol mine 
in Wales (Grid Ref. SN 131782) (Figure. 1). Discharges of 
mine wastewater from both mines contain Cu and Zn. Water 
courses such as River Lledr are the recipient of these 
contaminants in North Wales. In these water courses, 
commercial and local fishing activities exist. Mineralization is 
syngenetic and epigenetic; occurring in veins within the 
highly-fractured host rocks [49]-[52]. The primary 
mineralization comprising, sphalerite, chalcopyrite and pyrite 
are extensively weathered to produce colourful red and yellow 
ferric hydrous oxides and a different range of sulphate 
minerals.  

These weathered minerals, forming components of the mine 
tailings, are rich in jarosite, anglesite, pisanite, antlerite and 
basaluminite [53]-[54]. Abandoned mine workings from this 
mineralized belt are the sources of wastewater discharged to 
receiving watercourses [55]. 

3. Modeling of Copper and Zinc Removal 

3.1. Empirical Modeling of Copper and Zinc Removal 

Empirical model involves the distribution coefficient (Kd) 
as used in this paper and elsewhere [56]. Kd (L/Kg) was 
calculated from the Freundlich model equation provided: 

NS KdC=                                       (10) 

where S is the sorbed concentration (mg/kg), Kd (L/Kg) 
represents the distribution coefficient, C represents the 
equilibrium concentration (mg/L), and N is derived from the 
slope of the plot.  

The Freundlich isotherm describes metal removal depicted 
by non-homogenous mineral surfaces over a considerable 
range of solute concentrations [84]. Concentration of metals 
used in this study are low. Adsorption isotherms were of the C 
type, resulting in linear isotherms. The empirical model as 
provided [56] to address the mineral-metal interactions is 
given:  

1 2 n

total

Kd Kd Kd
Kd

n

+ +
=                      (11) 

where Kdtotal is the theoretical coefficient of distribution for a 
1:1 mixed system, Kd1 is the coefficient of distribution for 
first single mineral system, and Kd2 is the coefficient of 
distribution for second single mineral system, Kdn is the 
coefficient of distribution for n number of systems of minerals 
and n is the number of mineral systems.  
The simple empirical model used for metal-mineral 
partitioning in systems of mixed mineral and differences 
between actual and theoretical Kd may be assigned to the 
following:  
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1. Development of significant secondary mineral systems 
by the mixed mineral systems especially at alkaline pH.  

2. Components of minerals in the mixed mineral systems 
act as networks of minerals and not as chemisorbed 
species. 

3.2. Phreeqc Modeling of Hydroxyl Complex Speciation 

Table 1. Phreeqc modeling input for mineral systems. 

Solution parameter (mmol/Kgw)  

pH 2-8 
Temperature (°C) 23°C 
FeS 0.00569 
Mine waste water  
Zn 0.024 
Cu 0.05 
SO4 0.2570 

The geochemical modeling software package PHREEQC 
was used to simulate the mine waster containing FeS at 
different pH [57]. The PHREEQC model allows the basic 
chemistry of mixing and formation of secondary mineral. 
Applied reaction process was limited to the metal removal 
processes. This approach may be appropriate because the 
modeled systems are known to be essentially controlled by 
metal removal process. The PHREEQC modeling input and 
chemical composition in each system is summarized in Table 
1.mine The degree of saturation (DS) for the presumed 
complexes Cu(OH)2 and Zn(OH)2 is related to the Ion Activity 

Product (IAP) and the conditional solubility constant (Ksp) as 
follows: 

[ ][ ]
2

IAP OH≅ M2+                               (12) 

sD ≅ IAP
Ksp

                                  (13) 

                         (14) 

                 (15) 

                  (16) 

Log DS is the Saturation index (SI). Where: SI<0 the 
system is under-saturated with respect to the complex SI = 0, 
system is saturated to the complex SI> 0, system is 
supersaturated with respect to the complex. Where M2+ is the 
metal molar concentration and H+ as system pH [39]. 

4. Materials and Methods 

Details of characterization of minerals used and 
experimental methods are provided in other papers [24], [88] 
(Table 3). The methodology is summarized (Figure. 2), 
characteristics of the mine wastewater provided (Table 2) and 
the characterization of the mineral systems are provided in 
Figure 3 and Figure 4. 

Table 2. Characterization of mine wastewater. 

Location pH Conductivity(ms/cm) TDS(mg/L) Salinity(g/L) Cu(mg/lL) Zn(mg/L) SO4(mg/L 

Cwmheidol SN131782 3.70 1.69 970.00 0.97 4.76 156.00 159.00 
Parys Mt SN443907 2.50 2.60 1526.00 1.50 76.07 165.00 1234.00 

 

Figure 2. Flow diagram of experimental studies. 

KspIAPSI loglog −≈

−+ +⇒ OHCuOHOHCu 2)(

_
2)( OHZnOHOHZn +⇒

+
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Figure 3. Scanning electron microscopy and energy dispersive spectroscopy /of iron sulfide on mineral systems. 

Table 3. Characterization of clays, goethite and iron sulfide [5.6]. 

Mineral systems Particle size ( mµ ) % colloid ( 1∠ mµ ) pH ±∂  Specific Surface Area ±∂ (m2/g) 
Point of Zero Salt 

Effect ±∂  

Kaolinite 20.5 3.00 6.05 ± 0.05 47.01 ± 0.24 7.01 ± 0.15 
Montmorillonite 80.05 0.53 2.01 ± 0.09 10.00 ± 0.00 7.16 ± 0.20 
Goethite 40.10 2.92 8.05 ± 0.06 71.05 ± 0.17 7.50 ± 0.08 
Kaolinite/Montmorillonite 80.05 0.97 5.01 ± 0.02 88.05 ± 0.55 4.30 ± 0.21 
Montmorillonite/Goethite 15.25 3.85 3.03 ± 0.04 147.10 ± 0.50 4.30 ± 0.04 
Kaolinite/Goethite 140.35 0.73 3.05 ± 0.01 79.30 ± 0.59 4.70 ± 0.13 
Iron sulfide 80.20 4.729 4.02 ± 0.03 2.00 ± 0.00 4.5 ± 0.04 

 

 

Figure 4. Particle size distribution curve of iron sulfide. 

4.1. Preparation of Sulfidic-Anoxic Iron Sulfide System 

Sulfidic-anoxic conditions are represented by reduction of 
dissolved oxygen. These conditions will occur if the rate of 
oxidation is greater than the supply of dissolved oxygen [58]. 
The product of sulfate and sulfide reduction is hydrogen 
sulfide [58]. In this study, 1% acidified form of sulfidic-anoxic 
iron sulfide system was prepared. Deionized water was used, 
bubbled through with purified nitrogen gas. This was done 
continuously for 24 hours. With content secured, this was 
stored in the anaerobic chamber before use. The 
characterization of a “rotten egg” odor was evidence of 
hydrogen sulfide formation [59]-[60]. 

4.2. System Characterization  

The batch mode reactions: experimental design for Cu and 
Zn sorption by mineral systems are presented in this paper. 
Details of characterization of minerals used, experimental 
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methods and the characteristics of the wastewater are provided 
(Figure. 2) -(Figure. 4) and (Table 1) -(Table 3) All solutions 
were prepared using de-aerated and deionized water. 
Deionized water deoxygenated water was used, bubbled 
through with purified nitrogen gas. This was done 
continuously for 24 hours.  

In an anaerobic chamber containing hydrogen and nitrogen 
gases at 5% and 95% respectively, the water was purged 
overnight C Richard Baker Harrison Company provided the 
clay and iron sulfide for this experimental work. Goethite was 
provided by Iconofile Company Inc. These were kept in 
anaerobic chamber after being nitrogen flushed. Particle sizes 
was determined using Coulter laser method. Distribution 
curves were used to determine % colloid.  

Model 3340 Jenway ion meter was used to determine 
equilibrium pH. Volumetric Brunauer, Emmett, and Teller 
(BET) method was used to determine the surface areas [61], 
(e) determination of cation exchange capacity of the clay 
minerals was done using the Na saturation method (Table 1).  

Scanning electron microscopy, energy dispersive 
spectroscopy and x-ray diffraction were used to identify the 
mineral sorbent after performing spectral analysis [10]-[11], 
[1], [48]. Concentrations of copper and zinc were determined 
using ICP-OES (Table 1). 

4.3. Batch Mode Experiments 

Investigation of batch mode pH was done using, 1% 
mineral system of iron sulfide added to 1% systems of 
kaolinite, montmorillonite and goethite minerals. In addition, 
1:1 systems of mixed minerals of kaolinite/montmorillonite, 
kaolinite/goethite and montmorillonite/ goethite with no 
added electrolyte were used. In all cases, solutions were made 
up to 50 ml of mine wastewater containing 76.07 ppm Cu and 
165 ppm Zn. This was done after pH adjustment (i.e. pH 4 to 
8) using 0.1 M HNO3 and 0.1 M NaOH. The treated systems 
of minerals were equilibrated for 24 h a Model 3340 Jenway 
ion meter was used for pH measurement.  

Particle concentration investigation in batch mode was 
done using 1% mineral system of iron sulfide added to 1% 
systems of kaolinite, montmorillonite and goethite mineral. 
Also, 1:1 mixed mineral systems of kaolinite/montmorillonite, 
kaolinite/goethite and montmorillonite/ goethite with no 
added electrolyte. In all cases, solutions were made up to 50 
ml of mine wastewater containing 76.07 ppm Cu and 165 ppm 
Zn, containing solid concentrations (kg/L) of 0.002 to 0.01.  

The systems of treated minerals were equilibrated for 24 h 
and adjusted to required pH. Batch mode ageing 
investigations were carried out from 24 to 720 h using 1% 
sulfidic-anoxic system of iron sulfide was added to 1% 
mineral systems of kaolinite, montmorillonite and goethite.  

Also, the same equal amount of 1% systems of 
kaolinite/montmorillonite, kaolinite/goethite and 
montmorillonite/goethite minerals with no added electrolyte 
were used in the experiments. In all cases, solutions were 
made up to 50 ml of mine wastewater containing 76.07 ppm 
Cu and 165 ppm Zn. Equilibration for 24 h was done for these 
mineral systems after pH adjustment.  

In all experimental studies samples were stored in the dark 
at ambient temperature (23±3°C) for a maximum of 24 h 
before analysis. Equilibration for 24h was based on 
preliminary and other reports on reaction time for adsorption 
[14]. Samples were treated in three replicates and metal 
concentration removed (S or Qe) in mgkgL-1 was calculated.  

This was derived from the difference between the 
equilibrium concentration C (the metal concentration in 
solution after sorption equilibrium) and initial metal 
concentration C0 (metal concentration before metal removal) 
and, (17) 

VQ Ci Cee W
= −                            (17) 

where Vtotal represents the mineral suspension volume and W 
is the mass of mineral solid. The effect of polycarbonate tubes 
on the removal of metal ions is so small that it can be 
neglected [82].  

5. Results and Discussion 

5.1. Mineral Systems and pH Effects on Cu and Zn Removal 

Without sulfidic-anoxic condition [56], [24], [56], mine 
wastewater treated with the single systems of minerals 
demonstrated metal removal at >pH50 (i.e. pH at which 50% 
of contaminant is sorbed) Cu and Zn sorption; occurring at pH 
7 for kaolinite, goethite and pH 8 for montmorillonite (Figure 
5). A unit change in pH i.e. from pH 6 to 7 resulted in a similar 
change in % sorption of both copper and zinc by 
montmorillonite treated Parys Mountain mine wastewater. In 
this study, all systems except Cu sorbed on iron sulfide 
revealed increase in sorption with increasing pH. Cross 
cutting effect (i.e. pH at which Cu and Zn removal is similar) 
was observed on Cu and Zn sorbed on iron sulfide at pH 6. 
Similarly, there was cross cutting effect on Cu sorbed on 
goethite at pH greater than 7.  

 

Figure 5. Plots of Cu-Zn sorbed vs. pH for (a) Cu-iron sulfide (b) Zn-iron 

sulfide, (c) Cu-kaolinite, (d) Zn-kaolinite, (e ) Cu-goethite-kaolinite, (f) 

Zn-goethite-kaolinite, (g) Cu-kaolinite-montmorillonite, (h) 

Zn-kaolinite-montmorillonite, (i) Cu-montmorillonite, (j) Zn-montmorillonite, 

(k) Cu-goethite-montmorillonite, (l) Zn-goethite-montmorillonite, (m) 

Cu-goethite, (n) Zn-goethite. 

In addition, Cu sorbed on kaolinite-montmorillonite 
revealed cross cutting effect on Cu adsorbed on goethite at 
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pH 6 (Figure. 5). Iron sulfide characterization in this 
condition for Cu and Zn sorbed was different from that of 
the non-sulfidic solution for all systems, displaying higher 
Cu sorption than Zn. Increase in copper and zinc removal 
on systems as pH increases is assigned to deprotonation of 
reactive sites [15].  

This may be assigned to thiol (=S-H) and hydroxyl 
(=Me-OH) groups and sites of reactions on mineral 
surfaces. Zn sorbed on kaolinite/ montmorillonite exhibited 
the lowest behavior of metal removal for all mixed systems. 
Zinc metal sorbed on montmorillonite exhibited the lowest 
metal removal behavior.  

Differences in sorption behavior of these mineral 
sorbents may be assigned to particle size of the systems, 
altering the specific surface area. Mixing of minerals could 
lead to aggregation of flocs blocking copper and zinc 
transfer. This could account and can account for the low 
efficiency of the mixed mineral systems to sorb metals by 
ion exchange [42]. In addition, reactive sites of the system 
surfaces are masked by mineral mixing thus impeding 
sorption. These findings do not completely agree with the 
view that system mixing does not reasonably affect removal 
of heavy metal. 

5.2. Mineral Systems and Solid Concentration Effects on Cu 

and Zn Removal 

Study without sulfidic-anoxic condition revealed that 
Changes in Zn removal as particle concentration increased 
was not statistically (chi-square) significant (P ≤0.01) for the 
kaolinite/montmorillonite and kaolinite/goethite mixed 
systems.  

Also, differences in sorption between the mixed and single 
systems showed enhanced metal removal. This decreases with 
increase in Cp effect for for copper ions attached on 
kaolinite/montmorillonite and kaolinite/goethite systems. In 
this study, all systems showed non-promotive Cp effect (i.e. 
metal removal decreased with increase in concentration of 
particle (Figure. 6).  

Decrease in metal metal removal as Cp was increased may 
be linked to aggregation of mineral flocs leading to increase in 
particle size of mineral systems [56]. Also, cross-over sorption 
exists for copper attached on kaolinite-montmorillonite, 
goethite-montmorillonite and montmorillonite. Zinc attached 
on sorbed on systems exhibited cross-over sorption on 
montmorillonite and kaolinite-goethite.  

 

Figure 6. Plots of ion sorbed versus particle concentration for (a) Cu-iron sulfide., (b)Cu- goethite/montmorillonite., (c)Cu- goethite., 

(d)Cu-kaolinite/montmorillonite., (e) Cu-kaolinite/goethite., (f)Cu-kaolinite; (g) Cu-montmorillonite;(h) Zn-iron sulfide, (i) Zn-kaolinite-goethite, (j) 

Zn-goethite-montmorilloniite, (k) Zn-kaolinite-montmorillonite, (l) Zn-goethite, (m) Zn-kaolinite, (n) Zn-montmorillonite sulfidic-anoxic mineral systems. 
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Figure 7. Plots of actual and theoretical Kd differences versus particle concentration-Cp for: (a) Cu-goethite-montmorillonite; (b) 

Cu-kaolinite/montmorillonite; and (c)Cu- kaolinite/goethite (d) Zn-kaolinite-goethite, (e) Zn-goethite-montmorillonite, (f) Zn-kaolinite-montmorillonite 

sulfidic-anoxic mineral systems. 

These indicates that sorption by these metals at cross-over 
points are similar in characteristics. The Cp effect is linked to 
mineral surface area considered effective at the mineral/water 
interface. The presence of (=S-H) and hydroxyl (=Me-OH) 
functional group could lead to increase in Cp effect and 
subsequent decrease in the diffusion of metal ions 

Enhancement of copper removal on the mixed systems 
could be assigned to increased number of reactive sites which 
favor Cu rather than Zn. Goethite in mixed systems could 
develop particles that are separate and discrete. This could be 
the reasoning for copper and zinc removal differences on 
mixed systems containing goethite.  

Differences in actual and predicted sorption for ions sorbed 

on mixed systems exhibited complex behavior with copper 
attached on kaolinite-montmorillonite and 
goethite-montmorillonite exhibiting step-wise decrease from 
the positive territory to the negative terrain (Figure 7). Also, 
zinc attached on goethite-montmorillonite, kaolinite-goethite 
and kaolinite-montmorillonite rested on the negative terrain 
indicating higher predicted Cp effects.  

Only copper attached on kaolinite-goethite exhibited 
positive Cp effect indicating lower predicted Cp effects. This 
could be assigned to the effects of thiol (=S-H) and hydroxyl 
(=Me-OH) functional groups and reactive sites.  

5.3. Mineral Systems and Aging Effects on Cu and Zn 

Removal 

 

Figure 8. Plots of metal sorbed versus Ageing (residence time) for (a)Cu- Iron sulfide., (b) Cu-goethite, (c) Cu-montmorillonite, (d) Cu-kaolinite (e) 

Cu-kaolinite/montmorillonite., (f)Cu- goethite/kaolinite., (g) Cu-goethite/montmorillonite. (h) Zn-iron sulfide, (i) Zn-goethite, (j) Zn-kaolinite-montmorillonite, 

(k) Zn-kaolinite-goethite, (l) Zn-montmorillonite-goethite, (m) Zn-kaolinite (n) Zn-montmorillonite, sulfidic-anoxic mineral systems. 
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In previous papered work without, mineral systems, copper 
and zinc removal by the aged mixed systems increased with 
increasing residence time. In this study under, copper attached 
on iron sulfide, goethite, kaolinite and 
kaolinite-montmorillonite exhibited similar sorption 
characteristics, indicating high sorption % values.  

However, the rest of the systems exhibited complex 
sorption behavior, increasing at the onset of sorption and 
declining after 432 hours for zinc attached on 
kaolinite-montmorillonite, montmorillonite and iron sulfide. 
On the contrary, zinc attached on kaolinite-goethite exhibited 
a graduated increase as contact time was increased (Figure 8). 
These changes could be assigned to hydroxylation of the 
mineral surfaces. This may lead to resulting formation of new 
sites of reactions.  

Cross-over sorption exists for zinc attached on 
kaolinite-goethite, montmorillonite and Cu sorbed on 
goethite-montmorillonite. At these cross-over points, it is 
assumed that sorption is similar and could be linked to 
differences in the modes of particle association such as (a) 
edge-to-edge (EE); (b) edge-to-face (EF); and (c) face-to-face 
(FF).  

Sorption characterization as ageing progresses is linked to 
presence of thiol (=S-H) and hydroxyl (=Me-OH) groups and 
sites of reactions [83]. These hydroxyl complexes probably 
occurred as ion pairs and not as precipitates of Cu(OH)2 and 
Zn(OH)2. This is because speciation of the solutions related to 
these complexes is under-saturated related to Cu(OH)2 and 
Zn(OH)2. 

5.4. Phreeqc Modeling of Geochemical Complexes 

 

Figure 9. Plot of saturation indices versus pH. 

Plot of saturation indices versus pH Speciation of the mine 
wastewater with respect to copper hydroxide and zinc 
hydroxide indicated under--saturation to these hydroxide 
species at all pH investigated (Figure 9). Saturation indices 

increases with pH. Iron hydroxide is under saturated at lower 
pH, becoming super-saturated between pH7-8.  

Speciation for these hydroxyl complexes are in the order 
Fe(OH)3 > Zn(OH)2 >Cu(OH)2 and are dependent on pH. 
Complexes of iron hydroxide and hydroxide of zinc cross cut 
at pH 3, becoming dissimilar as pH increases. Cross cutting of 
saturation indices indicates similar saturation indices for these 
complexes at pH3. for these complexes. Neither Cu nor Zn 
appears to develop stable hydroxyl complexes. An alternative 
explanation could be that copper and zinc hydroxyl complexes 
were formed but became destabilized over time due to 
hydrolysis.  

6. Conclusions 

In this work the results of experimental characterization and 
modeling for copper and zinc sorption from Parys mine 
wastewater are presented.  

� The experiments were performed in a laboratory using 
different mixed systems injected with iron sulfide 
mineral system.  

� The model isotherm used in predicting the effects of 
composition of the solution and pH on copper and zinc 
removal are discussed,  

� The results derived from the modeling are compared with 
work from other authors without the absence of 
sulfidic-anoxic condition.  

� This work revealed the possibility of using empirical 
models to characterize complicated effects of Cu and Zn 
interaction with mixed systems under sulfidic-anoxic. 

� Cross cutting pH effect has been observed on both copper 
and zinc sorption. 

� Cp effect was non-promotive in all mineral systems. 
� Stable hydroxylation of copper and zinc did not 

significantly contribute to copper and zinc removal. 
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