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Abstract

The metalliferous Zambian Copperbelt mining district which straddles along the frontier with the
Democratic Republic of Congo (DRC), is famous for hosting large deposits of copper (Cu) and
cobalt (Co) sulphide ore mineralisation of Central Africa. As a result of ore beneficiation, volumes
of sludge effluents are generated and later stored as sludge deposits at large sectional areas of
ponds and impoundments after the sedimentation process. During periods of heavy rainfall, surface
erosion at storage facilities causes stream and river siltation resulting in subsequent non-
compliance metal concentration discharges into the nearby surrounding environments. This
condition, therefore, suggests that the sludges exhibit high potential to be of negative legacy in
Zambia. In order to (i) minimise the generation of sludge volumes, (ii) reduce or minimise on the
environmental contamination and (iii) to promote their recycling and reuse, understanding of
geochemical partitioning and surface binding of heavy metals during treatment of mine drainage

IS unambiguously important for green mining.

Chapter 1 introduces the research background and problem statements. The targeted objectives
were to: (i) investigate the physio-chemical and geochemical factors influencing metal partitioning
onto sludge at solid-liquid interface, (ii) predict the geochemical behaviours of the contaminants
with the host mineral surfaces and (iii) discover ways that the Zambian Copperbelt mining industry

can reduce environmental impacts from sludge and make its practices more sustainable.

Chapter 2 reviews the literatures of surface complexation modeling (SCM) prediction of Cu and
Co metals with the mineral surfaces such as kaolinite and hydrous ferric oxide (HFO) present in
the sludges during treatment. These minerals are reportedly responsible for controlling the mobility

of metals in natural systems and in the studied sludges. Based on the use of the available diffuse
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double layer modeling database and of previous literature, metal behaviours with the complex

natural materials are easily predicted and understood.

Chapter 3 gives a brief background of the geology of the Zambian Copperbelt including the host
minerals and dominant mineable ores. Site characteristics, target sampling points such as the
drainages and storage ponds are described. The sampled materials in drainages were sludge
effluents along the drainage course and solid sludge both along the drainage course and at storage
ponds. The sampling protocols, onsite data collection, kinds and types of onsite field samples at

each sampling site are described.

Chapter 4 discusses the physical and chemical partitioning of the metals (i.e., Cu and Co) with the
host minerals in effluents and with the solid deposits. The differences in metal concentrations
between the dissolved and suspended solid particles were envisaged including the effects of lime
treatment to drainage effluent. The chemical partitioning of metal onto sludge was generated by
the eight steps chemical extraction sequence, with results showing the metals to be mostly

partitioned in the labile fractions associated with anthropogenic mining related activities.

Chapter 5 focusses on the outcomes of batch adsorption experiments and metal binding behaviours
at solid-liquid interface. Batch experiments revealed adsorption to be the main metal retention
mechanism. Through SCM simulations, the effects of metal competition and the resultant
concentrations of the metal binding sites onto kaolinite and HFO surfaces were revealed.
Simulations by model predictions indicated that the metal binding surfaces were of loose and weak
binding behaviours suggesting that the metals are potentially easily releasable and susceptible to
high mobility conditions, thus indicating that the metal stability conditions in sludge is probably
of a short-term condition especially under decreasing pH and changes in the reduction-oxidation

conditions.
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Chapter 6 discusses ways of making the Zambian Copperbelt mining activities more sustainable
through the green mining concepts based on the studied sites and sludge characteristics. In this
chapter, discussion on the lower impact mining techniques (i.e., heap/dump leaching), reusing
mining waste (i.e., for backfilling surface mining open pits, for reconstructing mined terrain in a
way that prevents soil erosion) and for making aggregates (e.g. sand) in construction engineering
and rehabilitating mining sites (i.e., use of waste for land reclamation or fill in excavated areas)

are emphasised

Chapter 7 highlights the research contributions, conclusion and recommendation. Although the
study discussed and recommended the sustainable mining research technologies that might seem
economically viable, however, the onus is on the mining industry as a whole to implements them,

and so far, does seem to be moving in the direction of sustainability.

Page iii



Acknowledgement

It is my great pleasure and privilege to express my deepest appreciation to my principal supervisor
Prof. Tsutomu Sato for the invaluable supervision, guidance and continuous encouragements
throughout this study. He was truly instrumental in bringing about the hidden potential in me to
achieve certain things that | personally could not envision during the commencement of this
research project. My future career progression will not be complete without acknowledging Prof.
Sato, and to him, | wish the very best of his professional career. | wish to further extend my
appreciation to Associate Prof. Tsubasa Otake and Assistant Prof. Ryosuke Kikuchi for the

professional and academic discussions throughout my study period.

I wish to acknowledge the generous financial support provided by the Japan International
Corporation Agency (JICA) under the KIZUNA program during field excursions and the entire
study duration. Particularly, Prof. Dr Hosoi, the mineral resources technical advisor of JICA for
been behind the brainchild of the KIZUNA program that has and is greatly supporting human
resources training and capacity development throughout the globe. Many to also Japan
International Cooperation Center (JICE) technical staffs for organizing and supporting the

student’s welfare throughout their study program.

Konkola Copper Mines (KCM) management are thanked for their reservedly allowing access to
the Mine premises to conduct this research, and not forgetting Mr. Isaac Chintu from the

Environment and Safety department for tirelessly coordinated the mine permit entry proceedings.

Finally, my sincere thanks to everyone in the laboratory of environmental geology for their support

rendered either directly or indirectly.

Page iv



Dedication

To my LATE MOTHER who passed on (2020. June) at a time that | needed her most. Her

attributes and my memories will forever remain.

Page v



Table of Contents

N 0] 1 (o AR OP PSP I
ACKNOWIBAGEMENT ...ttt e e beeneesre e enes iv
D =To [ Tor= 11 [o] o RO USSP PRURPRN %
Chapter 1: General INtrOUCTION...........c.coiiiiiieie e 1
I T ot 0| (o T USSR 1
1.2, Problem STAtEMENT .......ociiiiiiieieiee bbb 5
1.3 AIMS aN0 ODJECHIVES. .....eiiviecieeie ettt sre e st e e et e e e sreenneenre e 6
IR T N 1 1 S OS 6
1.3.2 ODJECHIVES ...ttt bbb kbbbt b bbb 6
Chapter 2: Definition of terms and Surface Complexation Modeling ..........c.cccccocevirinnne. 7
2.1 Sludge effluents and SOl DEPOSIES ........ccveiviiiriiiiieieee e 7
2.2 Ponds and IMPOUNAMENES ......cceeiiiiieiieie e st e e s esae e sreenreenee e 8
2.3 Cation exchange capacity (CEC)......cooi i 9
2.4 1.0SS ON IgNItION (LOI) c.uiiiiiiiecicce ettt 10
2.5 AQSOIPLION ...ttt e b et e s e s b e et e et eabe e b e et e e re e reenaeeneens 10
2.5.1 TYPeS OF @ASOIPLION ....c.viviiiitieieeiee et bbb 11
2.5.2 AUSOIPLION BUGE.....eeeeeeeiteite ettt ettt b ettt enes 13
2.5.3 COMPIEXES ...ttt bbbttt b bbbt b ettt e et b ettt enes 13
2.5.4 AdSOrption CAPACILY (AC).. ..ottt 14
2.5.5 SUIMACE COVEIAZR. ... eiiiie ittt ettt e et e et e e nseenree s 14
2.6 Surface complexation modeling (SCM) .......cuoiieiiic e 15
2.6.1 Component additiVIty (CA) ....coioueiie ettt 15
2.6.2 General adsSorption SUMACES........cceiiiiiee ettt 16
2.6.2.1 SUITACE REACLIONS .....evveeieeiieiieeieeie sttt e ettt et e esreesteeseesreenteeneenneennas 16
2.6.2.2 SUITACE AIEA (SA)...eieeitiiteiti ettt bbb bbbttt bbb 17
2.6.2.3 SITE HENSILY ....eivieeieiete it bbbttt bbb 18
2.7 Surface complexation modeling of Cu (11) and Co (11) adsorption on kaolinite and hydrous
TErriCc OXIAR (HFO) ... bbbt b et 18
2.7.1 Cu adsorption 0N KAOINITE.........ccuiieiieie it 18
2.7.2 Co adsorption onto KaOINITE. ........cceeiiiiiie i 22
2.7.3 Cu adsorption on hydrous ferric oxide (HFO)........ccccoiiiiieiiicieec e 23




2.7.4 Co adsorption on hydrous ferric oXide (HFO).........cccevveiiiieii e 25

Chapter 3: Geological setting, site description and sampling...........ccccccevvviveiveiecieceennns 27
3.1 Geological setting of the Zambian Copperbelt..........c.coeoveiiiiiiieie e 27
3.2 Site geological CharaCteriStiCS ........coviiiiieriiiie et e 28
3.3 SILE UESCIIPLION ...t bbbttt n bbb 29
3.4 Sampling of drainage efflUBNTS..........ccuoiiiiiiii e 31
3.5 Sampling Of SIUAQE SOIITS.........coiiiiiiiee e 32
3.6 RESUIES aN0 DISCUSSION .....couviiiiiiiiiieeieeiie ettt sttt se b bbb 33
3.7 Chapter 3-SUMMAIY ........ccoiieie ettt e e e aeare e teeteaneesreeneenee e 35

Chapter 4: Geochemical characteristics, metal partitioning in effluents and sludge solid

(0T o101 | 3SR 36
o @ YT AV 1= USRS 36
4.2 Materials and MELNOGAS.........cviiiiiiei e enee e 38
4.2.1 WAL SAMPIE ..ottt 38
4.2.2 SIUAGE SOIUS. .....eeiiieieeee ettt 39
4.2.3 WhOole roCK GEOCNEIMISIIY ........oiuiiiiiiiiieieiecte e 40
4.2.4 Sequential EXTrACTION .........cciiiiiiieieiee e 41
4.2.5 Metal speciation and solubility calculation ..............ccccoevveieiieiicie e 43
4.3 RESUILS @N0 QISCUSSION ....vviuviieiieitieieeieie ettt sbe e re e 44
4.3.1 Chemistry Of efflUENES ......cvoiiec e 44
4.3.2 Whole rock geOChEMISIIY ........coviiiiiiccece e 49
4.3.3 Mineralogical composition of sludge SOlIdS...........coeiiiiiiiiiii 52
4.3.4 Formation of secondary mineral in SIUAge ..........cocviiiiiiiiiee 54
4.3.5 Grain SUMACE COALING......eovetirtiiiiitieiieiet ettt bbb 56
4.3.6 Mineral composition of efflorescent salts precipitates...........c.ccoovvviveienenenc i, 59
4.3.7 Metal partitioning by sequential eXtraCtion ............cccceeviiiiieiieeiie e 62
4.4 ChaPLEr 4-SUMIMAIY ... .oiiiiiiiie ittt se ettt e e e et e e s te e e be e saeeabeesreeenteesreeenes 65

Chapter 5: Batch adsorption experiments and surface complexation modeling (SCM).. 66
5.1 OVEIVIBW ...ttt sttt b et h ettt s e bt e bt e bt e bt et e e st e ebe et e enbesbeenbeeneesneenns 66
5.2 Materials and MethOaS. ........c.oiiiiiie e 68
5.2.1 BAtCh EXPEITMENT.....c.eiitiitiitiii ittt bbb 68
5.2.1.1 Sludges with and without HFO COALING..........cccoeiiiiiiiieneeseeeee s 68
5.2.1.2 Reference KAOKINITE .......ccvviieieee ettt nnas 69

Page vii



5.2.2 Surface complexation modeling (SCM) .......ccoveiiiieiieieceseee e 70

5.3 RESUIES aNd QISCUSSION ......oviiiiiiiiiiieiieie ettt bbb 71
5.3.1 Sludge without HFO: Single SYyStemM-CUZ ...........ccoiieieieeeeeseeeseeses s enneeens 71
5.3.2 Sludge without HFO: Single sysStem-CO2"...........ccocvuevriieeeieeeeeeeeee e enneen, 73
5.3.3 Sludge with HFO: Single SyStemM-CUZ ..........ccccvovireeieeeeeeeeeeeeeeee e, 74
5.3.4 Sludge with HFO: Single SyStemM-Co% ........ccccoviviieeeeeeeeeee e, 76
5.3.5 Sludge without HFO: Binary system-CuZ* - CO?* .........cccoeeuvieveriereeiee e 78
5.3.6 Sludge with HFO: Binary system-Cu?" - CO?* .......ccccveviveeeeiieeeeeeeeee s, 79
5.4 Interpretation of sequential extraction results by SCM predictions ............ccccccevevirenen. 81
5.5 Chapter 5-SUMMAIY ........ccoieie ittt et re et e et s e raeneenre e 83
Chapter 6: Implications for Green MiINING...........ccoviiiiiiecii e 84
8.1 OVEIVIEW ...ttt sttt se e st e e e s e s be e tees e e st e e teeneeebe e beeneeaneenbeeneenreennas 84
6.2 Materials and MEthOGS. ........c.viiiiiee e 85
6.3 RESUILS QN0 DISCUSSIONS. ....ecvviiieeiieenieiiiesieeieeseesteesieeseesseesteeseesseesseeseesseesseessesseesseenesssesses 86
6.3.1 Optimisation of wastewater treatment by lime..........ccoooriiii 86
6.3.2 Proposed optimisation treatment of effluents at mine site ..........cccccevvevciiccecce e, 89
6.3.3 Metal SEADTIILY .....veeviiieie e s 90
6.3.3.1 Metal stability onto kaolinite SUrface ..........ccccceveieiiiccicc e 91
6.3.3.2 Metal stability onto HFO SUIface ..........ccoveiveiiie e 92
6.3.4 Metal recovery from sludge through acid treatment ............ccccevevieieeie e 94
6.3.5 Heap and/or dump [8ACNING ........cuiiiiiiee s 96
6.4 Chapter B-SUMMAIY .......oiuiitiiiiieieiieee bbbttt b e bbb enes 98
Chapter 7: Conclusion, relevance and recommendations............cccceovvvereeriesieeresreenineneens 99
78 R o Tod 1115 SRR 99
7.2 Relevance to the scientific body of Knowledge ...........cocooveiveiiiieiicc e 100
7.3 Recommendations for fULUIe reSEArCN ..........covviiiieie e 101
=] (] =] (ol USSR 102

Page viii



List of Tables

Table 1. Determination OF CEC. ....ooo oottt e e e e e e e e e e e e e e e e e 9

Table 2. CEC of clay minerals in cmol(+)/kg ( = meg/100 g) (Weiss, 1958b; Grim,1968)......... 10

Table 2: Reaction stoichiometries and stability constants used in DLM calculations for kaolinite
(Lund et al., 2008).....cueiieiiieiiieiesieesie ettt ettt re et b et e nreeteeneesreere s 21

Table 3: Reaction stoichiometries and stability constants used in DLM calculations for kaolinite
(Landry et al., 2009)......c..ciieiieie ettt re et et e e e e reenreenneareere s 23

Table 4: Surface areas, surface site types and site densities used in DLM calculations (Lund et
AL, 2008) ..ottt tente e Ee Rt e ReeRe et et e rentenreareaneanes 24

Table 5: Reaction stoichiometries and stability constants used in DLM calculations for HFO
(LUN €L AL, 2008).....ccueeuieieieite ettt r bbb 25

Table 6: Reaction stoichiometries and stability constants used in DLM calculations for HFO
(Landry €t al., 2008).........ccueiieieiieeiie ettt st e et e e a et e e e e raenreenrenaeeraas 26

Table 7: Sequential extraction protocols (Modified after Horowitz (1985) and Filgueiras et al.

20073 JO OO 43
Table 8: Chemical characteristics of sludge effluents ..., 48
Table 9: Whole rock geochemistry of SIUAGE .........coeiiiiiiiiiiic s 51
Table 10: Physiochemical characteristics of sludge and effluents............cccccoce v, 61
Table 11: Input parameters for the surface complexation modeling of kaolinite.......................... 71

Page ix



List of Figures

Figure 2. 1.: Sludge effluents from conventional lime treatment process ............cccocevererenirnnnnns 7

Figure 2. 2. (a) Sedimentation pond; (b) supernatant after sedimentation process; (c) waste heaps

Figure 2. 3. Adsorption mechanisms and types of binding SPecies ..........ccccecvveveiieii s 12

Figure 2. 4. Description of adsorption properties of metal adsorption. Courtesy of Prof. Dr Ulrich
Jonas; Macromolecular chemistry- University of SIEGEN ........ccoiiiiiiiiiiiriecee e 14

Figure 2. 5. The distribution of modeled surface complexation species of Cu (I1) onto kaolinite at
different ionic strengths (Modified from Gu and Evan, 2008). .........ccccceeverirriienieienieneee e 19

Figure 2. 6. Comparisons 1-site and 2-site kaolinite models with previously reported data. The 1-
site model includes a monodentate Cu complex on a variable charge site. The 2-site model
includes a bidentate cu complex on a variable charge site and an ion exchange site that does not
bid Cu (After Lund et al., 2008) .........couiiieiieiiciese et 20

Figure 2. 7. Co sorption as a function of pH on 5 g/L Wards kaolinite with 104 or 105 M Co and
0.1-0.001 M NaNOa3. Lines indicate fits predicted for models calibrated using KGa-1b data with
an ion exchange site and (A) a bidentate Co complex on the variable charge site or (B) a
monodentate Co complex on the variable charge site (Landry et al., 2009) .........c.ccccceeveiieieenens 22

Figure 2. 8. Cu adsorption as a function of pH on HFO. Solid concentration is 2 g/L. Lines indicate
fits for (A) Dzombak and Morel (1990), 2-site HFO model and (B) Sverjensky and Sahai (1996),
1-site HFO model calculated using parameters shown in Tables 4 and 5. ........ccccccoeevevviieinenns 24

Figure 2. 9. Co sorption on HFO. Points indicate data measured in this study using 2 g/L HFO.
(A) Lines indicate fits calculated using 2-site model DLM parameters derived by Dzombak and
Morel (1990). (B) Lines indicate fits calculated using best-fit stability constants for a 1-site
DLM. Parameters for the models are shown in Tables 1and 2...........ccccccevieviveiiiin e 25

Page x



Figure 3. 1. Regional setting of the Zambian Copperbelt...........ccooeiieiiiiicc e 27
Figure 3. 2. Regional stratigraphy of the Zambian Copperbelt .............cccoveiieiiiiiieeceee 28
Figure 3. 3. (a) Regional location of studied Site; (b) Site 1 comprising of Chingola Stream and

sludge ponds; (b) Site 2 predominantly as the tailings impoundments. Abbreviations: S and T are
LT 0] (= 0 ToF: 14 o] OSSR 30

Figure 3. 4. (a) Measurements of pH, EC and ORP in effluents along the drainage; (b) Solid
material sampling along StOrAgE SItES ........ciuviiiiieie et sre e 32

Figure 4. 1. Hydrogeochemical data of sludge effluents; (a) pH; (b) EC; (c) Ca?*; (d) HCOs’; (e)
S04 (f) Cu?*; (g) Co?"; (h) Fe?". Abbreviations: 2018D, 2019D, 2018W are sampling dates (i.e.,
in Years) and seasons (W-wet season) and (D-dry season). S1 — S6 are drainage sample location
(= (O T TR o) PSP O PSSR 46

Figure 4. 2. Metals solubility diagrams plotted as a function of pH at 25°C of: (a) Cu and (b) Co.
Abbreviation of symbols; S1 — S6 are sampled location (refer to Fig. 1b); 18W, D and 19D are
sampling dates (i.e., in Years) and seasons (e.g., - wet season) and (e.g., D-dry season)............. 47

Figure 4. 3. XRD patterns of SIUAGE ........coviiiieiei e 53

Figure 4. 4. Pathways for biotite alteration deduced from morphological, mineralogical, and
chemical studies of specimens from deeply weathered profiles (From Gilkes and Suddhiprakarn,

Figure 4. 5. (a) Exfoliation layers formed by the layered weathering of biotite grains, (b) Etched
pits formed by edge weathering of biotite grains, (c) Bleaching and opacity of biotite grain
surfaces due to coatings with non-crystalline material (i.e., HFO) during and after biotite
weathering, (d) HFO precipitate formation from oxidations of Fe?*/Fe3* ions released from
biotite weathering. Abbreviations: HFO-hydrous ferric oxide ..........cccocoeviviiiiii e 55

Figure 4. 6. XRD pattern of surface coated sludge before and after treatment. The coating
material is HFO precipitate from the weathering of biotite..........c.cccovveviiiiiiiec e 56

Page xi



Figure 4. 7. Freshly HFO precipitates adhering and coatings kaolinite surfaces, (b) Layered
(cemented) surface coating onto micaceous grains resembling microencapsulation or hardpans
(c) SEM elemental mapping of grain surfaces showing HFO coating onto silica/quartz grain and
their subsequent adsorbed metals (i.e. Co adsorption onto HFO) .........ccccoveviiieiecve e, 58

Figure 4. 8. XRD patterns of gypsum and hexahydrite formed during dry season and devoid of
metals due to adsorption processes in sludge associated with the host minerals such as HFO and
kaolinite which bind the metals making them not easily releasable during salt precipitations.... 60

Figure 4. 9. Sequential extraction results of solid sludge. For individual fraction phases, refer to
Table 7 and for sample location, refer to Fig. 3.3b and Table 8...........ccccooveiiieiicce e, 64

Page xii



Chapter 1: General Introduction

1.1 Background

Generally, the Zambian Copperbelt province is famous for copper (Cu) and cobalt (Co) sulphide
ore deposits of Central Africa. And these ores include chalcocite (Cu2S), bornite (CusFeS.),
chalcopyrite (CuFeS;) and carrolite (Cu (Co0)2S4). Ore beneficiation processing is by both
hydrometallurgical and pyrometallurgical processes, however, hydrometallurgical processing
generates metal-laden sludge effluents that are often discharged/spill-over into nearby drainages
(Fig. 1.1a) prior to their sedimentation and settling at ponds and impoundments (Fig. 1.1b). After
sedimentation process, the metal-laden sludge solids are hydro sloughed and pumped back to the
source (i.e., initial treatment site) located 2 — 2.5 km away from storage sites because of: (a) limited
availability of storage space and (b) high metal concentrations that might cause environmental
hazardous conditions. The whole process of sludge handling from treatment site to storage ponds

and impoundments has been observed to have the following major concerns:

O Environmental pollution”

o Along the drainages, discharge of metal-laden sludge effluents causes stream and river
siltation (Fig. 1.1c) resulting in subsequent non-compliance metal concentration discharges
(Pettersson and Ingri 2001; Sracek et al., 2012). Siltation by mine activities increases the
pollution of heavy metals in water courses which in-turn significantly affects aquatic life such
as benthic communities, invertebrates, fish, as well as humans at large that are entirely
dependent on agricultural activities along the rivers and streams.

o At storage sites (i.e., ponds & impoundments), surface erosion of sludges by rainfall and

winnowing by wind (Fig. 1.1d) causes both land and water pollution which adversely affects
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both agricultural activities and human habitation. Sracek et al., 2012 also indicated that erosion
of sludges and tailings has led to some high metal concentration in streams and river of the
Zambian Copperbelt. Apart from winnowing, the other sources and effects of air pollution has
previously been reported on the Zambian Copperbelt by Ettler et al. (2014) through
pyrometallurgical processes with results indicating that Cu®* and Co?* are the most important
pollutant through the direct pathways of dust particles in the industrial parts of the Zambian
Copperbelt. Pyrometallurgical process has been reported to contribute over 98% of the
country’s SOz emissions through smelters (Environmental Council of Zambia 2008) and this
condition is expected to increase due to the recent investments in the mining activities because

of several new copper smelters.

‘ Minedmiws

Siltation

Fig.1.1. a) Mine drainage; b) sludge storage site; c) drainage siltation by sludge effluents from mining sources; c)
sludge solid surface erosion by rainfall or winnowing by wind
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O Lack of optimisation of mining operations

o Un-mechanised lime treatment of effluents is commonly been practiced along the mine
drainage course (Fig. 1.2a). This practice has however been found to have poor monitoring
and control of pH (i.e., pH neutral) conditions. The pH is one of the most important parameters
in study of natural environments. For instance, high lime dosages during the treatment
optimisation of wastewater generates voluminous sludges through large dosages that are
costly to handle. During the rainy season, storage sites become overwhelmed with large
volumes of sludge, and with limited available storage spaces, metal-laden sludge spillages into
pristine environmental tends to become of common place (Fig. 1.2b) which also affects the

natural ecosystem.

Quick/rock lime

‘Sludge effluent spillages at storage
“ Y ) s

Fig.1.2. a) Un-mechanised lime treatment of mine drainage; b) sludge spillages at storage site

Therefore, the Zambian Copperbelt sludges seems to have a high potential of been of negative
legacy to Zambia. To optimize effluent treatment, minimize sludge generation and avoid
secondary contamination from the sludges, the understanding of both the physio-chemical and
geochemical characteristics, geochemical processes influencing metal partitioning, adsorption

mechanisms, specific binding surfaces and stability conditions are unambiguously important.
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Previous studies on the Zambian Copperbelt by Sracek et al. (2010; 2012) reported on partitioning
and concentrations of metals in stream sediments and sludge by sequential extraction method with
their results showing Cu?* and Co?* ions above the regulated standards associated with the
exchangeable/acid-soluble fraction. But their works did not fully envisage the host minerals in
exchangeable/acid-soluble fractions except for the metals partitioned to hydrous ferric oxide
(HFO). Furthermore, Sracek et al. (2010); Sracek (2015) illustrated the geochemical and
mineralogical capacities of sludges and tailings, the formation of iron ochre and secondary
hematite and attenuation of contaminants through the oxidative dissolution of pyrite and
chalcopyrite (Fig. 1.3). However, at some of the mine sites on the Copperbelt, no iron ochre has
been reported or observed in the vicinity of the drainages and storage sites. This geochemical
condition is completely different from the ordinary acid mine drainage (AMD) treatment sites in
which secondary minerals play important roles in the metal removal. Therefore, there is still
limited information regarding the metal behaviours and stability conditions in sludge effluents and

solid deposits.
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Fig. 1.3. Fe-ochre at sludge and/or tailing storage site on Copperbelt (After Sracek et al., 2011)

1.2. Problem statement
It is clear that despite previous studies having researched on the sources, partitioning and
consequences of environmental contaminations by sludge effluents and solid deposits, there has

been little work investigating on the:

o Host minerals of Cu?* and Co?* metals in sludge
o Metal (i.e., Cu**and Co?") stability conditions in sludge
o Potential sustainable (Green) mining practices that promote optimisation of mining

operations
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1.3 Aims and objectives
1.3.1 Aims
1. Metal geochemical partitioning, host minerals and retention mechanisms of the metals in
sludge
2. Potential green mining practices (i.e., metal recoveries and reuse of sludges) on the

Zambian Copperbelt

1.3.2 Objectives
e Geochemical characterisation of effluents and solid deposits through hydrogeochemical
and mineralogical analysis
e Metal partitioning through sequential extractions
e Metal retention mechanisms and stability conditions through batch experiments and

surface complexation modeling
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Chapter 2: Definition of terms and Surface Complexation
Modeling

2.1 Sludge effluents and solid deposits

Effluents are a liquid waste, that are discharged from an industrial source such as metallurgical or
wastewater treatment processing plant. Effluents are more viscous in texture (Fig. 2.1), often
discharged or pumped into storage ponds and impoundments. After sedimentations and settling of
effluents, solid deposits form. Generally, sludge deposits are regarded to have of little economic
value, hence essentially handled as waste. But this material can be a resource if it contains
significant extractable metal concentration when economic demand arises. Such waste if
improperly stored can easily release weakly or loosely adsorbed heavy metals and become mobile
in the environment, and if that happens, then sludge may be classified as hazardous waste requiring

special handling and disposal methods.

Figure 2. 1. Sludge effluents in mine drainages undergoing sedimentation and settling
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2.2 Ponds and impoundments

These are storage sites where the solid particles settle through gravity (Fig. 2.2a), and the
supernatant (wastewater) (Fig. 2.2b) can be collected as a separate entity. Depending on the heavy
metal composition in sludge, the material can either be pumped back to the treatment plant to
recover the metals or stored as waste heaps (Fig. 2.2c). The wastewater is mostly treated by lime
at neutral pH (i.e., pH 7-7.5) prior to discharge into nearby drainages or pumped back to the water

treatment plants for further treatment and purifications.

Figure 2. 2. (a) Sedimentation pond; (b) supernatant after sedimentation process; (c) waste heaps
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2.3 Cation exchange capacity (CEC)

The dissolved and adsorbed cations may easily exchange with other cations at soli-liquid interface,
hence the term "cation exchange. CEC is a measure of the total negative charges within the soil
that adsorb cations. CEC is calculated based on the sum of extractable cations expressed in terms
of milliequivalents per100 grams of soil. Soils, sediments and sludges having a low CEC hold
fewer cations. The following steps are adopted for calculating CEC

(https://ohioline.osu.edu/factsheet/anr-81). The formula is as shown below:

CEC = [Basic cation(i.e.Ca?** + Mg?* + K* + Na*) + Acid cations(i.e. H* + AlI3* +

NH{)]

Table 1. Determination of CEC.

Cation (ppm) | Gram equivalent | Milliequivalent/ meq/100 g

weight (mwt./charge) | 100 g (Gram eq. *

10)

Calcium 2000 20 200 10
Magnesium 240 12 120 2
Potassium 100 39 390 0.26
Sodium 20 23 230 0.09
Subtotal 12.4
Acidic Cation (H*, AP, Buffer pH Conversion Eqn.
NH**)
Exchangeable acidity 6.6 12 (7-6.6) 4.8

If buffer pH is 7 or above, then you have no exchangeable acidity (CEC = sum of base cations).

CEC is just the sum of base cations.
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Table 2. CEC of clay minerals in cmol (+)/kg (= meq/100 g) (Grim,1968)

Kaolinite 3-15
Halloysite - 2H,O 5-10
Halloysite - 4H-,0 40-50
Montmorillonite 70-120
Vermiculite 130-210
Illite 1040
Micas (biotite, muscovite) up to 5
Chlorite 1040
Sepiolite, palygorskite 20-30

2.4 Loss on ignition (LOI)
LOI estimates the volatiles such as carbonates and organic matter (Heiri et al., 2001). The method
is based on gravimetric weight change associated with high temperature oxidation of organic

matter and carbonate minerals. LOI is calculated as follows:

% LOI = [(Weight before heating),.o.—(Weight after heating),,o00c

(Weight before heating) ] x 100

2.5 Adsorption

Adsorption is a two (2)-dimension accumulation of matter at solid-liquid interface understood in
terms of intermolecular interactions between solutes and solid phases (Sposito 1984). According
to Bradl (2004), these interactions comprise of: (i) electrostatic interactions where metals form
outer sphere complexes at a certain distance from the surface; (ii) surface complexation reactions
which are basically inner sphere complexes of the metal ions and their respective surface functional
groups; and (iii) hydrophobic expulsion of metal complexes containing highly nonpolar organic
solutes. Furthermore, adsorption is described in terms of 2-basic mechanisms; (1) nonspecific

adsorption (ion exchange) which involves weak and less selective outer sphere complexes and (2)
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specific adsorption characterized by more selective and less reversible reaction including

chemisorbed inner sphere complexes.

2.5.1 Types of adsorption

e Non-specific adsorption (outer sphere complexation)

Outer sphere complexation involves one or more water molecules separating the adsorbed ion and
the surface (Fig. 2.3). These ions accumulate at the interface of the charged surfaces in response
to electrostatic forces. The reactions are rapid and reversible with only a weak dependence on the
electron configuration of the surface group and the adsorbed ion. Adsorption occurs at permanent

negatively charged sites on planar surfaces of silicate layers (i.e., silanol (SiOH)) sites.

e Specific adsorption (inner sphere complexation)

Inner sphere complexes involve some degree of covalent bonding between the adsorbed species
and atoms on the surface (Fig. 2.3). It is distinguished from the exchangeable state by having
covalent character between the metal and the surface. Metals such as Cu, Pb display strong
adsorption in the presence of high concentrations of exchangeable base cations. Under specific
adsorption, pH-dependent sites (i.e., aluminol (AIOH) sites and iron oxides (FeOH) sites) are the

main adsorption sites (Sposito, 1984).
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Figure 2. 3. Adsorption mechanisms and types of binding species (modified after Hayes, 1987)
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2.5.2 Adsorption edge

A sigmoidal plot of cation adsorption to surface against pH over a narrow pH range is referred to
as adsorption edge (Hayes and Leckie, 1986). The shape is influenced by the sorbate/solid ratio.
At high solid ratio, the adsorption edge is skewed towards a lower pH condition. At high sorbate
concentration, the adsorption edge either; (i) shows no significant shift at very low coverage or (ii)
shows some slight shift to higher pH values and becoming less steep with increasing coverage

(Hayes and Katz, 1996).

2.5.3 Complexes

Metal ion in solution do not exist in isolation, but in combination with complexes (such as solvent
molecules or simple ions) giving rise to complex ions or coordination compounds (Dzombak and
Morel, 1990). Complexes are ions or neutral molecules that bond to a central metal atom or ion
such as anions, cations, or neutral molecules. Complexes can be further characterized as

monodentate and bidentate.

2.5.3.1 Monodentate ligands
The term "monodentate” can be translated as "one tooth,"” referring to the ligand binding to the
center through only one atom (Fig. 2.3). Some examples of monodentate ligands are chloride ions,

hydroxide ions (referred to as hydroxo), and ammonia (referred to as ammine).

2.5.3.2 Bidentate ligands
Bidentate means "two-toothed. Bi(multi)dentate surface complexes form through binding of an
adsorbate to two or more adjacent functional groups (Fig. 2.3). Bidentate ligands could also

involve one sorbate molecule reacting with two sites of different types (Wang and Giammar, 2013).
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2.5.4 Adsorption capacity (AC)
Adsorption capacity is defined as the amount of adsorbate needed to occupy all adsorption

(Sheng-Fong Lo, 2012). It can be described by the following equation:

C:

Wy
where C; = initial concentration; Cr = final concentrations; V = volume and Wy = weight (dosage)
of analysed sample

2.5.5 Surface coverage

Surface coverage is defined as the amount of adsorbed substance to the adsorption capacity

fractional surface coverage: 6 = Number of adsorption sites occupied
Number of adsorption sites available

low coverage: 2D gas (no attraction between adsorbate atoms /
molecules, high mobility, disordered)

medium coverage: 2D liquid (attraction between adsorbate
atoms / molecules -> condensation, reduced
mobility, disordered)

high coverage: 2D solid (strong attraction between adsorbate atoms 9999999099
/ molecules -> crystallization, no mobility, highly
ordered)

Figure 2. 4. Description of adsorption properties of metal adsorption. Courtesy of Prof. Dr Ulrich Jonas;
Macromolecular chemistry- University of Siegen
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2.6 Surface complexation modeling (SCM)

SCM represent one type of mechanistic approach that has been used to model contaminant sorption
on (hydro)oxide surfaces over a wide range of physio-chemical and geochemical conditions such
as pH, ionic strength and total concentration of adsorbate (Sanchez et al., 1985; Girvin et al., 1991;
Payne et al., 1992; Turner, 1993). These models rely on the assumption that the formation of
surface complexes with functional binding sites at the mineral-water interface is analogous to

aqueous speciation reactions occurring in the bulk solution.

2.6.1 Component additivity (CA)

The CA approach assumes that the solid surface can be considered as a mineral assemblage
composed of a mixture of reference minerals whose surface reactions/constants are known from
independent studies of each mineral or from the literature (Dong and Wan, 2014). The CA-SCM
approach attempts to predict adsorption on a complex natural material by treating it as an
assemblage of minerals. If the reactive surface area of each mineral component present in the
sediment can be estimated, adsorption by the sediment can be predicted by a simple sum of
adsorption from each component, without any fitting of experimental data for the sediment. The
advantages of the CA-SCM are that (i) the surface adsorption models and parameters can be
developed from reference minerals or obtained from the literature (Davis et al., 2004), (ii) the
model parameters are transferable from one field site to another (Davis et al., 2004), and (iii) the
modeling results can be useful for understanding the relative contributions of each mineral

components for the overall adsorption (Dong and Wan, 2014).
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2.6.2 General adsorption surfaces

The pH dependence is mostly widely utilized SCM by assuming surface sites comprising of
hydroxyl groups >SOH (Schindler et al., 1987). The potential determining ion at the mineral-water
interface is assumed to be hydrogen. By adding a hydrogen ion (protonation), a positively charged
surface site, > SOH?*, is developed (Schindler et al., 1987). Conversely, losing a proton
(deprotonation) leads to the development of a negatively charged surface > SO". At low pH, the >
SOH?* sites outnumber the >SO"sites, and the surface is positively charged (Schindler et al., 1987).
At higher pH, the > SO" sites are more numerous, and the net surface charge is negative. At some
intermediate pH, referred to as the zero point of charge (pHzpc), the sites will balance, and the
surface will not exhibit any net charge (Schindler et al., 1987). Therefore, depending on the pH,
the electrostatic attraction from these sites can lead to the specific adsorption of cations and anions
from solution. By assuming an analogy to aqueous speciation reactions, surface adsorption is then
described using a combination of equilibrium protonation/deprotonation and complexation

reactions

2.6.2.1 Surface Reactions

SCM models assumes all reactions to be at equilibrium. SCMs share at least three common
characteristics. First, it is assumed that mineral surfaces can be described as flat planes of surface
hydroxyl sites and that equations can be written to describe reactions at these specific sites
(Koretsky, 2000). The second assumption common to all SCMs is that reactions at mineral surfaces
may be described using mass law equations. For instance, a surface protonation reaction might be

written as,

[> SOH?*]

> SOH + H+ <—>>SOH2+; Klapp :W




[> SO0~ ]H*

>SOH & >S5S0~ + H*; K,*" = = SoH]

Here the SOH represents a species or functional group on solid surface. In the first reaction,
SOH gains an H+ and becomes positively charged. In the second reaction, >SOH loses an H+ and
becomes negatively charged. The apparent equilibrium constants K#P describe the relationship
between activities of different species, written in the same format as we do for aqueous

complexations except now, we include activities of solid species.
Similarly, for a metal ion M with a positive charge m, the reactions are represented by:

> SOH™ D|[H*]
[> SOH][M™+]

>SOH + M™* o > SOH™ D + H+, Kzﬁqp = [

> S0),M™=2|[H*]?
2>SOH + M™ & (>S0);M™ ™2 + 2H*; KyppP = K > ;éH]Z[Mrl[Jr] ]

The third assumption adopted in all SCMs is that variable charge at the mineral surface is the direct
result of chemical reactions at the surface. According to Koretsky (2000), minerals have zero
surface charge at a particular pH, termed the pH of the pristine point of zero charge (pHepzc) which
is a predictable function of mineral structure (Sverjensky, 1994). For all pH dependent charged
surfaces, whether organic or inorganic, as the pH decreases, the number of negatively charged sites
diminishes. Under more acidic conditions, most pH dependent surfaces are positively charged and

in alkaline to more alkaline conditions, with the majority site becoming negatively charged.

2.6.2.2 Surface area (SA)
The specific surface area of a fine particles (powder) is determined by physical adsorption of a gas
on the surface of the solid and by calculating the amount of adsorbate gas corresponding to a

monomolecular layer on the surface (Brame and Griggs, 2016). Physical adsorption results from
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relatively weak forces (van der Waals forces) between the adsorbate gas molecules and the
adsorbent surface of the test powder. The determination is usually carried out at the temperature
of liquid nitrogen. The amount of gas adsorbed can be measured by a volumetric or continuous

flow procedures suggested by Brame and Griggs (2016).

2.6.2.3 Site density

The total surface site density, Ns is related to the total number of reactive surface sites (i.e.
hydroxyl groups) per unit amount of solid or surface area expressed as sites/nm? or mol/mol Al.
Surface site density can be calculated by experimental data through crystal dimensions or
optimized to fit the experimental data (Davis and Kent, 1990). Experimental methods include the
potentiometric titration, maximum ion adsorption and infrared spectroscopy. Davis and Kent
(1990) recommended surface site density of 2.31nm for natural materials. The total concentration

of sites, Nt (mol/1) for a solid concentration, Cs (g/1) is related to the site density Ns (sites/nm?) as:

1018nm?
m2

1
NT=NS><A><CSxmx

Where A is the specific surface area (m?/g) of the solid and NA the Avogadro’s number (6.02 X
1022 sites/mol). Dzombak and Morel (1990) used 2.31 sites/nm? for HFO. For hematite, gibbsite
and titanium oxide (TiO2), Hayes et al. (1991) suggested 10 sites/nm?.

2.7 Surface complexation modeling of Cu (I1) and Co (II) adsorption on kaolinite and hydrous
ferric oxide (HFO)

2.7.1 Cu adsorption on kaolinite
SCMs have been proposed to describe Cu adsorption on kaolinite. Most of these follow the lead
author such as Schindler et al. (1987). Gu and Evan (2008) described the two major adsorption

sites on kaolinite surfaces. The permanent negatively charged sites on the basal surfaces which
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undergo on-specific ion exchange reactions, which occur at lower pH values and are strongly
influenced by ionic strength (Fig. 2.5a, b). Inner sphere complexes are common at high pH, hence
are pH dependent (Fig. 2.5a, b). The pH dependent adsorption takes place at the hydroxyl groups
on the mineral edges (Gu and Evan, 2008). Adsorption of Cu onto kaolinite was conducted by

Ikhsan et al. (1999); Peacock and Sherman (2005); Jung et al. (1998) and Hizal and Apak (2006).

The general agreement between the predicted edges from the model derived data from four
independent studies using different ionic strength, background electrolyte, sorbate/sorbent ratio
and kaolinite specimens is encouraging (Fig. 2.6) and the discrepancies between model predictions

and the experimental data could be due to differences in experimental conditions.

1.0

0.8

0.6

0.4

Adsorbed onto kaolinite

Figure 2. 5. The distribution of modeled surface complexation species of Cu (Il) onto kaolinite at different ionic
strengths (Modified from Gu and Evan, 2008).
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Figure 2. 6. Comparisons 1-site and 2-site kaolinite models with previously reported data. The 1-site model includes
a monodentate Cu complex on a variable charge site. The 2-site model includes a bidentate cu complex on a variable

charge site and an ion exchange site that does not bid Cu (Lund et al., 2008)
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Table 2: Reaction stoichiometries and stability constants used in DLM calculations for kaolinite (Lund et al., 2008)

Reaction

Log Stability Constant  V(Y) (V. (Y), Veuui(Y))

>KaoliniteOH + H* = >KaoliniteOH,*
>KaoliniteOH = >KaoliniteO" + H*

Maonodentate variable charge site:
>KaoliniteOH + Cu*?,, = >KaoliniteOCu* + H* .y

Bidentate variable charge site:
2 > KaoliniteOH + Cu*?,,, = >KaoliniteO,Cu + 2H*

Monodentate variable charge + ion exchange site (o log K's fit in this study):
>KaoliniteOH + Cu*?,, = >KaoliniteOCu* + H* (.

X(Na) + Hé( = X(H) + Na*

2X(Na) + Cu*? . = X (Cu) + 2Na*

Maonodentate vanable charge + ion exchange site model (fixed No-H exchange stability
constant):

>KaoliniteOH + Cu*3 = >KaoliniteOCut* + H*\

X(Na) + H* o= X(H) + Na*

2X(Nl) + Cu"‘.‘, = X,(Cu) + ml‘w

Bidentate variable charge + ion exchange site model (fixed Na-H exchange stability constant):
2>KaoliniteOH + Cu*?,,, = >KaoliniteO,Cu + 2H*

X(Na) + H o= X(H) + Na*

2X(Na) + Cu? = X,(Cu) + 2Na* o

Monodentate variable charge + ion exchange site model, no Cu sorption on ion exchange site
(fixed Na-H exchange stability constant):

>KaoliniteOH + Cu*2, = >KaoliniteOCu* + H*,,

X(Na) + H* (= X(H) + Na*

Bidentate variable charge + ion exchange site model, no Cu sorption on ion exchange site (fixed
Na-H exchange stability constant):

2 > KaoliniteOH + Cu*2, = >KaoliniteO,Cu + 2H*

X(Na) + H* = X(H) + Na*

2109
8109

-1.7 (this study)
4.6 (this study)

-1.9 (this study)
4.1 (this study)
0.72 (this study)

-2.3 (this study)
4.3 (this study)
257

-5.3 (this study)

4.6 (chis study)
250)

-1.8 (this study)
257

4.6 (this study)
250

213
(202, 27.1)

285
(248 112)

4“9
(389.522)

(93,6, 126)

626
(54.4.729)

190
(165, 221)

338
(294, 393)

38- Sverjensky and Sahai (1996)
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2.7.2 Co adsorption onto kaolinite

Several SCM models have been proposed previously to describe Co adsorption on kaolinite by
Angove et al. (1998) and Ikhsan et al. (1999). Similar to the adsorption behavior of Cu, Co
adsorption at low pH is also pH independent at permanent negative charge site and is a much
greater dependent on the ionic strength (Fig. 2.7). At low ionic strengths the edges have a relatively
shallow slope, with significant adsorption even at low pH, whereas at higher ionic strengths the
edges are much sharper (Landry et al., 2009). With increasing pH conditions, Ikhsan et al. (1999)
concluded that Co adsorption forms a bidentate complex on the variable charge sites of kaolinite.
Thus, the formation of a bidentate Co complex (Table 3) on the variable charge site is used to

model Co adsorption on kaolinite surfaces and other solid mixtures (Landry et al., 2009).

Bidentate Variable Charge + Monodentate Variable Charge +
Bidentate lon Exchange Model Bidentate lon Exchange Model
100 L)
A, .
ViYy=117 ViYy=113
BOF (9.2, 153) 80 (139,232
T
é w - E 60 ¥
7 7
- °
~ 4} ~ oW}
Hd 1M Ca, 0.1 M Nav) 1
A Ca, 000 M Na™vD,
WM Ca, .00 M NaMv)
20Fr 105 M Ca, 001 M NaNO, 0t

10°° M Co, 000 M NaNO,
1067 M Co, .001 M NaNO,
167 M Co, .01 M NaN(O),

C{RBRROO»

E§ %9 1

pH

Figure 2. 7. Co sorption as a function of pH on 5 g/L Wards kaolinite with 104 or 105 M Co and 0.1-0.001 M NaNO3.
Lines indicate fits predicted for models calibrated using KGa-1b data with an ion exchange site and (A) a bidentate
Co complex on the variable charge site or (B) a monodentate Co complex on the variable charge site (Landry et al.,
2009)
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Table 3: Reaction stoichiometries and stability constants used in DLM calculations for kaolinite (Landry et al., 2009)

Reaction

Log stability constant

KGa-1b

" Y) ( Vmin( Y'- l’nu,\( Y“

Wards

V(Y) (Viin( Y), Vinax(Y))

>KaoliniteOH + H" (44, = >KaoliniteOH, "
‘KaolinittOH = >KaoliniteO™ + H"

Monodentate variable charge site
>KaoliniteOH + Co"* qu, = >KaoliniteOCo™ + H" (g,

Bidentate variable charge site
2>KaoliniteOH + Co™? ag = ~KaoliniteO,Co + 2H"

Monodentate variable charge + ion exchange site
-KaoliniteOH + Co’ :“,q, = >KaoliniteOCo " + H" (4

X(Na) + H" (4q) = X(H) + Na™,q,

2X(Na) + Co " (4q) = Xa(Co) + 2Na™ )

Bidentate variable charge + ion exchange site
2>KaoliniteOH + Co‘:‘ ag) = ~KaoliniteO,Co + 2H F(..q,
X(Na) +H" ) = X(H) + Na™ 4

2X(Na) + Co*?(4q) = X2(Co) + 2Na™ 4q)

2.1°

-8.1*

—3.9 (this study)

—7.3 (this study)

—4.3 (this study)
2.1 (this study)
3.8 (this study)

—7.9 (this study)
2.5 (this study)
3.9 (this study)

16.9

(14.4, 20.1)
238

(20.3, 28.3)
6.6
(5.6,7.9)
6.8

(5.8, 8.1)

24.0
(18.9, 31.5)

31.9
(25.2,41.9)

17.7
(13.9,.23.2)

117
(9.2, 15.3)

* Sverjensky and Sahai (1996).

2.7.3 Cu adsorption on hydrous ferric oxide (HFO)

Cu adsorption on HFO was measured as a function of pH (Fig. 2.8) (Lund et al., 2008). Cu

adsorption on HFO has been described by Dzombak and Morel (1990) using double layer surface

complexation model (DLM) with the parameters shown in Tables 4 and 5. Cu adsorption at HFO

sites is pH dependent and adsorption showed increases at increasing pH conditions (Fig. 2.8). Cu

(1) adsorption reveals the sigmoid adsorption edge for HFO in good agreement with several

previous studies of Cu adsorption onto HFO (Dzombak and Morel, 1990).
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Figure 2. 8. Cu adsorption as a function of pH on HFO. Solid concentration is 2 g/L. Lines indicate fits for (A)
Dzombak and Morel (1990), 2-site HFO model and (B) Sverjensky and Sahai (1996), 1-site HFO model calculated

using parameters shown in Tables 4 and 5

Table 4: Surface areas, surface site types and site densities used in DLM calculations (Lund et al., 2008)

Solid Surface Area (m?/g) Site Types Site Density (umol/m?)
HFO (2-site model) 6004 »Fe,,OH 0.094(4
>Fe,,OH 3.7414
HFO (I-site model) 60014 >FeOH 16,608
Kaolinite (KGa) 13.6 (this study) >SOH 16.60%)
X 228
Kaolinite (Wards) 25.7 (this study) >SOH 16.6038]
X I1.2»

4- Dzombak and Morel (1990); 38- Sverjensky and Sahai (1996)

Page 24



Table 5: Reaction stoichiometries and stability constants used in DLM calculations for HFO (Lund et al., 2008)

Reaction Log Stability Constant VYY) (YO rior YO rad)

HFO (2-site model):

>FemOH + H.hq) = >FemoH2' 7.2904
>Fe(,,OH+ H* , = >Fe, ,OH,* 7.29141

>Fe,)OH = >Fe,,O-+ H* -8.9304

>Fe,)OH = >Fe, /O + H* (g -8.9304 14.0

>Fe(, OH + Cu*?,, = >Fe,,OCu* + H* () 2.8914 (109, 18.5)

HFO (I-site model):
>FeOH + H* = >FeOH,* 7.508)
>FeOH = >FeO-+ H*,,, -10.208) 122
0.98 (this study) (9.5, 16.1)

>FeOH + Cu'?,, = >FeOCu* + H*

4- Dzombak and Morel (1990); 38- Sverjensky and Sahai (1996)
2.7.4 Co adsorption on hydrous ferric oxide (HFO)

Adsorption of Co on HFO has been described by Dzombak and Morel (1990) using a DLM with
the parameters shown in Tables 4 and 6. The Dzombak and Morel (1990) model, predicts
increasing adsorption at higher pH condition (Fig. 2.9). There is very good agreement between the
experimental data and the predicted adsorption edge indicating that at least for the conditions
considered in their study, the influence of mineral-mineral interactions on Co adsorption is within

the uncertainty of the fits derived for the pure solid systems

2-site HFO model 1-site HFO model
100 PR R X L
100 }ﬁ & ®rem s e S
A. Q 9 (&
V(Y)=54 V(Y)=4.0 °
80 80 o
L]
3 9 Z w
2 60 - ® 10°M Co, 0.01 M NaNO,, 2g/L. = i
3 O 10°M Co, 0.01 M NaNO,, 2g/L 3 .
o Wiy 2
=) o A 10°M Co, 0.001 M NaNO,, 2g/L. ’O o
Q 40} ® 105M Co, 0.1 M NaNO,, 2g/L O 40+
I3 4 a 10° M Co, .003 M NaNO,, 2g/L. 53
- + 104 M Co, 0.01 M NaNO,, 2g/L.
20 + s ¢ 107 M Co, 0.02 M NaNO, 2g/L. 20 F
~ o o 10* M Co, 0.01 M NaNO,, 2g/L .
N o | *
0Lt oy L otad Ly ) ; A i
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
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Figure 2. 9. Co sorption on HFO. Points indicate data measured in this study using 2 g/L HFO. (A) Lines indicate fits
calculated using 2-site model DLM parameters derived by Dzombak and Morel (1990). (B) Lines indicate fits
calculated using best-fit stability constants for a 1-site DLM. Parameters for the models are shown in Tables land 2.
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Table 6: Reaction stoichiometries and stability constants used in DLM calculations for HFO (Landry et al., 2008)

<Leaction Log my
stability (M Y)iian>
constant R X iaas)

HFO (D&M 2-site model)

>FeOH + H (aq) = >Fe)OH> ™ 7.29*

>Few)OH —+ H+mq, = >Few)OH> .29"

>Fe)OH = >Fe0~ + H (aq) —8.93*

>Few)OH = >Fee,,0~ + H (o —8.93*

>FeeyOH + Co*?,,, —0.46" 5.4

- >FC(S)OCO* -+ H*‘aq,

>Few)OH + Co*z.aq, —3.01* (4.2, 7.2)

— >Fe(“,)oco+ 2 H+‘aq,
HFO (1-site model)

>FeOH + H " (.q) = >FeOH>" P 4.0
>FeOH = >FeO™ +H' oy —10.2° (3.1, 5.4)
>FeOH + Co*%aq) = >FeOCo" + H" (aqy —1.8 (this

study)

* Dzombak and Morel (1990).
b Sverjensky and Sahai (1996).

Page 26



Chapter 3: Geological setting, site description and sampling

3.1 Geological setting of the Zambian Copperbelt

The Zambian Copperbelt (Fig. 3.1a) lies within the convex orogenic belt known as the Lufilian

Arc formed by the Lufilian orogeny of the Neoproterozoic time (Wilderode et al., 2014).

Regionally, the area is underlain by basement rocks comprising of granitic intrusion and

metamorphic assemblages (Fig. 3.2), which formed during the Neoproterozoic age (600-544 Ma)

and overlain by the thick sedimentary sequence of the Katangan Supergroup (McGowan et al.,

2006). Mining is generally concentrated in the Lower Roan Formation (Fig. 3.2), where ore

sulphides are dominated by chalcopyrite (CuFeS.), bornite (CusFeSs), chalcocite (CuzS), digenite

(CugSs), linnaeite (CosSa), and carrolite (Cu (Co)2S4), embedded in carbonate-rich shale, argillite

or in sandstone (McGowan et al., 2006). Specific to the studied site, chalcocite (Cu.S), and

carrolite (Cu (Co0)2S4) are quite dominant.
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Figure 3.1. Regional setting of the Zambian Copperbelt (McGowan et al., 2006)
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3.2 Site geological characteristics

At the studied site, the exposed bedrock is the feldspathic granite (Fig. 3.2) quite distinguishable
from several of the overburden characteristic waste rock types that have been found on surfaces of
the studied site so far. The formation shows little variations at the regional scale, which supports
the idea that areas where the Formation is exposed today is all part of a much larger basement
complex system of the entire Zambian Copperbelt mining district. At the studied site, the
feldspathic granitic bedrock is exposed along the eroded drainage courses (Fig. 3.2) and it is
possible to follow the exposures for more than hundreds to a kilometer along the drainages. The
exposed bedrock (i.e., feldspathic granites) are highly weathered and are possibly the main sources

of dominant component minerals that are common to sludges.

Regional stratigraphic framework of Copperbelt
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Figure 3.2. Regional stratigraphy of the Zambian Copperbelt (modified after Rainaud et al., 2005)
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3.3 Site description

Two (2) studied sites belong to the Konkola Copper Mines (KCM), Nchanga mine Division license.

A) Site 1 is situated approximately 2 — 3 km north of Chingola town centre (Fig. 3.3b) and

B)

characterized mostly by drainages and sludge storage sites. The main drainage in this site is
the Chingola Stream labelled SO — S11 (Fig. 3.3b) which stretches from the township side to
far beyond the mining license site, and then meanders through the mine site collecting and
transporting mine effluent spillages containing high Cu®* and Co?* concentrations and waste
heap rocks during surface erosion by rainfall. SO represents the background water from
catchment sources unaffected by anthropogenic mining-related activities whereas S1
represents the anthropogenic source from the metal processing at the concentrator prior to
mixing with the nearby receiving drainage. After mixing, the diluted effluents (i.e., S2 — S6)
are transported downstream to the storage ponds. Because of some intermittent low pH
conditions along the drainage, lime is added to increase the pH of the drainage wastewater.

Site 2 is situated approximately 15 km south of Chingola town (Fig. 3.3c). Sludge is
transported and deposited at storage sites through piping and drainage channels. At this site,
there is relatively a continuous deposition of young (new) sludge on top of the old sludge. It
is not, however clear whether this kind of sludge deposition causes anaerobic conditions
beneath at depth but considering the physical characteristics of sludge, which is sandier in

texture, aeration and oxic condition could also be taking place.
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Figure 3. 3. (a) Regional location of studied Site; (b) Site 1 comprising of Chingola Stream and sludge ponds; (b) Site
2 predominantly as the tailings impoundments. Abbreviations: S and T are sample locations
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3.4 Sampling of drainage effluents

Three (3) sampling periods were conducted between dry (D) and wet (W) season in the year 2018
and 2019. The drainage effluents were sampled and measured at site (Fig. 3.4a) for their pH,
electrical conductivity (EC) and oxidation-reduction potential (ORP) at each sampled location by
placing the probe directly into the flowing stream water using a multi-probe (model W-22XD,
Horiba Ltd. Kyoto, Japan). The collected effluent samples were filtered with 0.2 and 0.45um
(ADVANTEC-cellulose-acetate) disposable membrane filters. The 0.2um filtrates were split into
two subsample sets, one acidified with 100ul of analytical grade nitric acid (HNO3) for analyses
of dissolved major and minor cations and another set of the non-acidified sample was analysed for
the major anions. The 0.45um filtrate was measured for the alkalinity conditions through titration

with 100ul of 1% HNO:s.

Figure 3. 4. (a) Field measurements of pH, EC and ORP in drainage effluents
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3.5 Sampling of sludge solids

Solid sampling took place during the similar sampling dates as reported in section 3.3. Solid
materials were collected as; (1) residues after settling of effluents, and (2) sampled directly with
the steel shovel (Fig. 3.4b). Besides, sludge solids and during the dry season, white precipitates
(i.e., efflorescent salts) were also collected on sludge surfaces (Fig. 3.4b). Sampling occurred at
the top 10 centimeters (cm) using the steel shovel and stored in Ziploc® plastic bags at ambient

temperature prior to shipment for laboratory analyses.

Figure 3.5. Field sampling of solid material at storage sites
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3.6 Results and Discussion

During the reconnaissance surveys, no carbonate rocks were envisaged in the studied site. The
only carbonate mineral observed especially along the drainage was in the form of surface
precipitate perceived to be malachite (Fig. 3.6a). Its formation may be linked to drying up or
evaporation of aqueous CuCO3 bearing solutions due to lime addition and reactions of lime with
the atmospheric conditions in the presence of high Cu concentrations in effluents. From the results
of some previous studies by Bourg (1988); Prusty et al. (1994); Solomons (1995), detrital and non-
detrital carbonate minerals were reported to enhance heavy metal complex formation on surfaces
of primary minerals, a condition which parallels the studied site. Thus, the observed malachite is
possibly authigenic in origin due to the abundant Cu concentration adsorbed by the detrital and
non-detrital carbonate and primary minerals. The presence of malachite precipitates is also
evidence that its formation acts as a sink and hosts the Cu in dry seasons, but not during rainy

Seasons.

During the dry season, white precipitates of efflorescent salts were common along the drainage
(Fig. 3.6b) and storage ponds (Fig. 3.6c). Efflorescence salts, usually form on a surface and
substance having emerged in solution and subsequently precipitated by evaporation of water
(Sghaier and Prat, 2009) or interaction with carbon dioxide in the atmosphere These minerals are
generally sulfates and carbonates of sodium, potassium, or calcium with the major component

being calcium carbonate. The presence of efflorescence salts means that the sludges:

e contains soluble mineral salts
e contains enough moisture to dissolve those salts and

e is porous enough for the salt solution to make its way to the surface.
Due to their high solubility, the salts dissolve during the rainy season and mix with river water

during the flow. The significance of understanding efflorescent salts in this studied site are that the
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identification of both their physiochemical and geochemical characteristics is important due to
high solubility and their potential to hosts heavy metals by isomorphic substitution (Nordstrom,
2011). Mud cracks were observed at sedimentation ponds (Fig. 3.6d). These form when a shallow
body of water (e.g., pond), into which muddy sediments have been deposited, dries up and cracks.
They normally happen because the clay in the upper mud layer tends to shrink on drying, and so
it cracks because it occupies less space when it is dry. The significance in the presence of mud
cracks in this study is that they reveal the presence of clay mineralogy, the depositional
environment of the sediments and the climate at the time of deposition including estimates of the
depth of the water; detect the existence of currents; and estimate average temperature and

precipitation.

Fig. 3.6. a) Malachite precipitates along drainage; b-c) efflorescent salts precipitates along drainage and ponds; d)
mud cracks formation at storage ponds
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3.7 Chapter 3-Summary

1.

The mappable lithology in the studied site is the exposed bedrock along the drainage
comprising of the feldspathic granites that are low to moderately weathered. Pristine drainages
meandering through the mining license receive lime treated mine wastewater. The chemical
reaction of lime treated water with atmospheric conditions with the accompanying high Cu
concentration is observed to facilitate the precipitation of greenish malachite through
evaporation in the dry season. Both malachite and efflorescent salts were only observable
during the dry season through evaporation suggesting that precipitation is one potential

mechanism taking place in the effluents.

The physical characteristic of sludge effluents in the high density (>2um) particle sizes and as
a result, low turbidity in effluents. This condition therefore suggest that sludge effluents are
mainly comprised of high-density sludges (HDS). The HDS indicates that lime treatment and
neutralization is effective. Factors influencing the HDS process is the result of the formation
of a precipitate of calcium sulfate (gypsum) and a co-precipitate (metal hydroxide) with iron

on the surfaces of recycled sludge particles (SGS, 2013)

The presence of mud cracks is a better indication of the presence of clay minerals in sludge.
Clay minerals are important in the study of natural environments because of their potential to

host heavy metals.

Overall, chapter 3 concentrated on providing the physical background framework of the effluents.

The geochemical characteristics including the metal partitioning in sludge is however provided in

the next chapter 4.
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Chapter 4. Geochemical characteristics, metal partitioning
in effluents and sludge solid deposits

4.1 Overview

The geochemical characterization and metal partitioning within contaminated area has widely been
recognized as a strong tool to identify the influence of anthropogenic related activities upon which
heavy metals distribution in natural materials and systems takes place (Salomons and
Fosrtner 1984). So far, factors such as the physio-chemical and geochemical characteristics that
control the mobility of metals in the drainage effluents and solid deposits have been revealed by
Shuman (1991) and geochemical processes by O'Connor, 1988, McBride, 1989 and Evans (1989).
However, mechanisms (specific) processes controlling the mobilities with the solid materials at
solid-liquid interface are not always evident and that the above factors have not fully considered
the mechanisms at solid-liquid interface (Zhang et al., 2014). Previous studies by Shuman (1991);
McLean and Bledsoe, (1992) have indicated that metal concentrations at the solid-liquid interface
are mostly associated with the solid material particles such as clay minerals and metal oxides than
in the dissolved phase. Clay minerals and metal oxides can coexist as heterogeneous mineral
assemblages whose relative abundance depends on pH, redox conditions, hydrological regime and
the depositional environment (Windom et al., 1991; Stumm and Morgan, 1996). Clay minerals and
hydrous ferric oxides (HFO) are abundant in nature and tend to reduce the concentrations of metals
in natural systems by both precipitation and specific adsorption reactions (Zimdahl and Skogerboe,

1977; Kinniburgh and Jackson, 1981; Stumm and Morgan, 1995). For instance:

1. Clay minerals are thought to adsorb metal ions through both ion exchange and specific
adsorption (Schindler et al., 1987; Stumm and Morgan, 1995). According to these authors, the

process of metal adsorption occurs at hydroxyl ions or to sites created by proton removal. The
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metals may be bound to the surface hydroxyl groups along edges of solid particles as well as
being directly bound to the clay surface. And where clay minerals are dominant, a large
proportion of the adsorption capacity is partitioned at both exchange sites (Kinniburgh and
Jackson, 1981) and pH-dependent sites (Dzombak and Morel, 1990). In natural systems, and
in most cases, clay minerals may not exist individually, instead they might be coated by
hydrous ferric oxides (HFO) as free gels and crystals (Kinniburgh and Jackson, 1981).

HFO are the dominant solid particles controlling metal mobility in natural environments.
Sources of HFO are variable ranging mostly from the weathering of various mineral species
and precipitation (Jenne, 1968, 1998; Lee, 1975). There have been numerous studies which
point to the potential significance of HFO in influencing chemical contaminants in the
environment. Jenne (1968) proposed that HFOs are the principal control mechanisms of heavy
metals in soils and freshwater sediments. The author stated that their common occurrence is
in the form of surface coatings which allows them to exert a chemical activity far in excess of
their total concentrations. Furthermore, their adsorption or desorption is a function of such
factors as increased metal ion concentration, the concentrations of other heavy metals, pH,
and the amount and types of complex in solution. Due to high affinity surfaces of HFO, their
partitioning determines the metal behaviours in the environment. It is evident from the above
discussion that while there is no doubt that clay minerals and HFOs are important sinks and
modes of transport for heavy metals in the environment, the quantitative magnitude of this
role is not known for a variety of natural materials such as sludges. Thus, a much better
understanding of the interactions between heavy metals and the solid materials (i.e., sludges)
from wastewater treatment must be addressed to provide insight onto the treatment and metal

stability conditions.
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This chapter addresses the hydrogeochemical and geochemical characteristics of effluents and

sludge solid deposits at solid-liquid interface through laboratory experimental methods.

4.2 Materials and methods

4.2.1 Water sample

The acidified water samples were analysed for the major and minor cations using the standard
stock solution, Certipur® ICP multi-element, part No. 1.11355.0100 (for Ag, Al, B, Bi, Ca, Cd,
Co, Cr, Cu, Fe, Ga, In, Li, Mg, Mn, Ni, Pb, Sr, Tl and Zn) at stock solution concentrations of 1000
mg/l from Merck-chemicals of Germany. Stock solution was diluted to 10 mg/l for the purpose of
the standard calibration curve. Water samples were measured between 10 — 1000 dilutions, filled
in the 10 ml plastic autosampler test tubes and analysed using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES; ICPE-9000, Shimadzu). The non-acidified water samples were
analysed for major anions using ion chromatography (IC; IC861, Metrohm) with standard solution
(FUJIFILM Kanto analytical grade). The measured major anions are chloride (CI7) and sulphate
(SO4?%) at stock solution concentrations of 20 mg/l and 100 mg/I respectively. Bicarbonate (HCO3Y)
ion concentration was estimated from the alkalinity measurement data using the Gran function plot
method suggested by Rounds (2015). Limit of detection (LOD) was calculated by average and
standard deviations from 5 blank water (18 MQ) samples acidified with 1% ultrapure HNO3. In
the calculation of the LOD, the 3 s/b equation was taken into consideration, where s is the standard
deviation of absorbance of the blank samples and b is the slope of the calibration curve for each
element. The correlation coefficients (r) of the calibration curves were greater than 0.998 for all
elements studied. The LOD values for cations varied from 0.01 — 0.09 mg/l and for anions from

0.01- 0.5 mg/l.
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4.2.2 Sludge solids

Sludge solids were air-dried at room temperature, homogenised and sieved to bulk (i.e., < 53um)
particle sizes. To obtain the clay (i.e., < 2um) particle size, a series of continuous shaking and
centrifugation in polyethylene bottles with deionized water were conducted following procedures
outlined by Arroyo et al. (2005). This process involved adding bulk solid materials (i.e., sludge)
in 100 ml plastic bottle filled with deionized water and mixed with an end-to-end shaker for 24
hours, and after which placed in the ultrasonic diffuser. Ultrasonic diffuser uses ultrasonic
vibrations to aggregate fine and coarse samples with polar solvents in an ultrasonic bath, and then
subjected to low-speed centrifugation as before to recover additional clay-sized particles. The
supernatant suspension was siphoned and added to the previously collected suspension of clay-

sized materials. The >2um particles (sediment) were quick frozen and freeze dried.

Samples for X-ray diffraction (XRD) analyses were manually prepared through grinding of the <
2um sizes using mortar and pestle (the so called “grinding bowl”). The sample is initially mounted
on the sample holder and its surface pressed (flattened) with a glass plate. The prepared sample
was analysed by XRD; RINT 1200, Rigaku equipped with CuKa at fixed working conditions of
30kV and 20mA and 20-scanning rate of 0.02°min. Quantitative estimation of mineral
composition from XRD patterns was achieved by PANalytical X’pert HighScore Plus software
(Malvern Panalytical, UK). Scanning electron microscopes (SEM) equipped with an energy
dispersive X-ray spectrometry (JSM-6500F; JSM-IT200, JEOL) were used to analyse the
morphology and chemical compositions of solids. SEM sample preparations involved adding
sample particle on a carbon tape attached to aluminum specimen tub, coated with graphite and
analysed at 15 - 20 keV conditions. Optical microscope (Olympus, U-LH100) was used to analyse

both thin and polished sections of solid phase samples. A transmission electron microscope (TEM-
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JEM-2010, JEOL) was used to observe the surface morphology and check the chemical
composition of the mineral particles in the sludges. White precipitates were dissolved in deionised
water, pH measured, filtered with 0.2um membranes and split into acidified and non-acidified
samples prior to ICP-AES and IC analyses. Cation exchange capacity (CEC) measurements were

performed using protocols described in section 2.1.3 of Chapter 2.

4.2.3 Whole rock geochemistry

Solid samples were dried at room temperature and pulverized using a Multi-Beads Shocker
(PV1001(S), Yasui Kikai) and sieved through a < 53 pm stainless steel sieve. A sample weight of
2g was placed in the individual weighed crucibles and total weight measured (i.e., weight of
crucible + sample) prior to sample heating at 1000°C for 24hrs. After heating, LOI was measured
using equation described in section 2.1.4 of chapter 2. The heated samples were analysed for bulk
chemical compositions using glass-bead X-ray fluorescence (XRF; MagiX PRO, Spectris)
spectrometer following the protocols outlined. A solid sample of 0.4000 g was weighed. Then, a
flux equal to 10 times the sample was weighed with precisely three decimal digits, e.g., 4.007 g.
The 2 samples were thoroughly mixed with a spatula. Alternatively, sample and flux powder can
also be transferred to an agate mortar and mixed thoroughly. The mixed powder is transferred into
a platinum (95%) and gold (5%) alloy crucible. Before melting with the TK-4100, little or small
grains of releasing agent, a lithium bromide (LiBr) was added equivalent to 3.74 wt.% in the
sample. The crucible was placed in the fusion unit of the TK4100 and covered with a platinum lid
(Pt-Au alloy). The heating parameters of the TK4100 was controlled in three steps. Although the
temperature of each step can be set separately, the temperature settings of the present protocol are
fixed to 1150 °C for all steps. The duration of the initial heating stage is 120 seconds and that of

the main fusion stage is 180 seconds. This is followed by 180 seconds of fusion with agitation to
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make the melt homogeneous without any bubbles. After the third step, an initial cooling cycle of
approximately 20 seconds is started. The crucible is then transferred from the heating unit to the
quenching station until complete cooling, which requires approximately 3 minutes on the
quenching station. After the transferring the crucible from the heating unit to the quenching station,
the next sample can be placed in the heating unit for fusion. Thus, the total cycle time, excluding
the quenching phase, is approximately 8.5 minutes. The parameters were selected so as to
maximize the efficiency of sample preparation and the complete digestion of typical geological
samples. The glass beads can be kept in a plastic bag with a seal and are stored in a desiccator until

measurement (Ogasawara et al., 2018).

4.2.4 Sequential extraction

The study adopted the modified eight (8) operationally defined procedures and protocols suggested
by Horowitz (1985); Filgueiras et al. (2002) shown in Table 1. The protocol defines clearly (i) the
exchangeable and acid-soluble fractions and (ii) the three (3) leaching stages (i.e. easily,
moderately and strongly) of the reducible fraction. Trace metals partitioned in the exchangeable
fraction are associated with clay minerals (Stumm and Morgan, 1995), in acid-soluble fraction
with carbonates (Tessier et al., 1979) and in reducible fraction with HFO (Tessier et al., 1979;
Rauret et al., 1999), thus the behaviours of the metals with the host mineral in each fraction can
easily be studied. The choice of the leaching reagent was based on the reagent chemical properties
and leaching efficacy as recommended by the cited literature. For example, in step 1 and 2 (Table
1), ammonium acetate (NH4OACc) inhibits the possible precipitation of metals after leaching (Hass
and Fine, 2010; Leermakers et al., 2019) especially that the studied sludge samples contained some
considerable number of metals that might easily precipitate with other anionic complexes in

solution. Acidified hydroxylammonium chloride (NH2OH-HCI) is effective in dissolving the easily
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or weakly adsorbed metals associated with amorphous Fe oxides (Qin et al., 2020). Similarly,
NH>OH-HCI cannot liberate metals that are moderately bound to Fe oxides (Hass and Fine, 2010).
Instead, acidified ammonium oxalate (NH4sOx.HOX) liberates metals moderately adsorbed or
incorporated with Fe oxides (Chao and Zhou (1983). Therefore, the 3 leaching stages involving
NH2OH-HCI and NH4Ox.HOx of the reducible fraction provides a better understanding of metal

partitioning in reducible fraction.
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Table 7: Sequential extraction protocols (Modified after Horowitz (1985) and Filgueiras et al. (2002)

19 of sludge sample

Fraction Procedure and Conditions Reference

Exchangeable (1) 1M ammonium acetate (NHsOAc; Wako Pure Chemicals) atpH =1
7, shake at room temperature and pressure (RTP) in darkness for
10hours at 200rpm

Acid soluble (2) 1M NH4OAc/acetic acid (HOAc) at pH = 5, shake at RTP in 2
darkness for 10hours

Weakly reducible (3) 0.25M Hydroxylamine hydrochloride (NH4OHCI) + 0.25M 3
hydrochloric acid (HCI) at pH = 2.5, water bath heating at 80°C for
2hrs and shaking for 2hours at 25°C

Moderate reducible 0.1M ammonium oxalate (NH4Ox; Wako Pure Chemicals) + 0.1M 3

4 oxalic acid (HOx) at pH 3, water bath heating at 80°C for 2hrs and
shaking for 2hours at 25°C

Strongly 1M Sodium dithionite (NazS:04; Wako Pure Chemicals) + 4

(Crystalline) Trisodium citrate (NasCsHsO7; Wako Pure Chemicals) +sodium

reducible (5) bicarbonate (NaHCO3; Wako Pure Chemicals) shake overnight at
RTP

Organic Matter (6) 35% hydrogen peroxide (H202) water bath heating for 1hr 5

Sulphide (7) 7mg Potassium chlorate (KCIO3; Wako Pure Chemical) + HCI + 1

HNOs, water bath heating for 1hr

Residual (8) Microwave digestion (Ethos Advance microwave Lab station, 3
milestone Inc, Sorisole, Italy) in Teflon beakers at 2000C for 55
min, HNO3 + HCI + Perchloric acid (HCIO,) at (6:3:1) acid ratios

4.2.5 Metal speciation and solubility calculation

Speciation-solubility models are used to define the distribution of stable species in the system and
to determine the saturation states of minerals (Zhu and Anderson, 2002). Most models assume
local equilibria in order to solve the equations involved in determining the species spectrum. This
assumption is often valid as the reactions which affect the bulk chemistry of natural water bodies
occur relatively fast with reference to the time scale of interest (van der Lee and De Windt, 2001).

Chemical equilibrium can be solved in two ways, either by minimising the Gibbs’ free energy of
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a system or by using mass action equations combined with equilibrium constants. The second
method is used by the majority of programming software because of a lack of consistent Gibbs’
free energy data (Crawford, 1999). Geochemist's Workbench® (GWB ver.14, Bethke, 2008) with
the Lawrence Livermore National Laboratory database (thermo.tdat) and ACT2 module was used
to obtain metal solubility diagrams using laboratory measurement analyses of water chemistry data

for checking the saturation state of secondary precipitates.

4.3 Results and discussion

4.3.1 Chemistry of effluents

Trends in the hydrogeochemical characteristics of the drainage effluents are given in Fig. 4.1 and
Table 8. Generally, the overall pH (Fig. 4.1) ranges from acidic (pH 4.66) to neutral (pH 7.50)
conditions. In background water (S0), pH was consistently neutral, and at S1, low pH values were
often recorded. For instance, at S1, the low pH values recorded in 2018W (pH 4.66) and 2018D
(pH 5.14) were probably caused by acidic effluents emanating from the metal processing
concentrator (Fig. 3.3b) during the ore beneficiation process. Reasons for the neutral pH recorded
in 2019D (pH 7.09) are unclear, though this may be due to either the absence of low pH effluent
or lime treatment at the time of sampling. The observed variations in the pH values at S1 suggest
that there is a high potential for metal remobilisation along the drainage as evidenced by the
decrease in pH at S2 in 2018W (pH 5.49). The increasing trends in EC values towards the
downstream (Fig. 4.1b) are positively correlated with the increase in dissolved major ions
concentrations such as calcium (Ca?*), HCO3z and SO+ (Fig. 4.1c, d, ). The increase in Ca®* and
HCOs™ concentrations is a presumably good indication for the activity of continuous dissolution of
lime. The SO4? ion concentrations also showed increasing trends towards the downstream flow

path (Fig. 4.1c), suggesting the possibilities of other drainage effluent inputs, especially between
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S3 — S5. The dissolved concentrations of trace elements (i.e. Cu?* and Co?*) were high at S1 (Fig.
4.1f, g) owing to the prevailing acidic condition. Cu has had the highest concentration of 70 mg/I
which is above the maximum contamination levels (MCL) of 1.3 mg/l recommended by the
environmental protection agency (EPA, 2017). The highest Co concentration was 6.75 mg/l, 10
times lower than Cu but above the standard guideline of 5 — 50 pg/l recommended by the world
health organization (WHO, 2006). The highest dissolved iron (Fe) (probably Fe?*) concentration
measured at S1 (i.e., 15 mg/l) (Fig. 4.1 h) is much lower compared to areas affected by Fe-sulphide
oxidations (Sanchez Espana, 2008) indicating that ordinary acid mine drainage (AMD) conditions
are not the ultimate source of Fe in sludge effluents. Although other contaminant sources are
expected between S3 - S5 from external drainage sources according to SO42concentration, the
dissolved metals kept their decreasing concentrations, probably due to the lime neutralisation of
the effluents. Therefore, the decrease in the dissolved metal concentrations from S2 — S6 shows
that lime treatment is effective, though the geochemical processes responsible for decreasing

trends and keeping low concentrations still needed to be addressed.
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Figure 4. 1. Hydrogeochemical data of sludge effluents; (a) pH; (b) EC; (c) Ca®; (d) HCOs’; (e) SO4* (f) Cu?*; (9)
Co?*; (h) Fe?*. Abbreviations: 2018D, 2019D, 2018W are sampling dates (i.e., in Years) and seasons (W-wet season)
and (D-dry season). S1 — S6 are drainage sample location (refer to Fig. 1b).
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In lime treatment systems, the reaction of lime with the atmospheric conditions (i.e., atmospheric

carbon dioxide) is reported to promote the precipitation of carbonate minerals (Shin-Min Shih et

al., 1999). To check the possibility of metal precipitation by carbonates at the studied site, metal

solubility diagrams were constructed through geochemical modeling and results are as shown in

Fig. 4.2. In Fig. 4.2a, Cu showed undersaturation to near saturation with respect to malachite

whereas Co metal (Fig. 4.2b) showed under-saturation with respect to Co carbonate complex. Both

metals exhibited the lowest metal solubility characteristics and based on the thermodynamic

modeling results, the removal of metals in effluents may not be expected by the metal carbonate

precipitation process. Instead, the major solute compositions of effluents are consistent with

several processes occurring within the drainages including the dissolution of lime and possible

weathering of the component minerals.
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Figure 4. 2. Metals solubility diagrams plotted as a function of pH at 25°C of: (a) Cu and (b) Co. Abbreviation of
symbols; S1 — S6 are sampled location (refer to Fig. 1b); 18W, D and 19D are sampling dates (i.e., in Years) and
seasons (e.g., - wet season) and (e.g., D-dry season).
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Table 8: Chemical characteristics of sludge effluents

Sample Background water Mine Drainage (S1) Stream drainage (S2 to S6)
(S0)

Sample 2018W  2018D 2018W  2018D 2019D 2018W  2018D 2019D 2018w  2018D 2019D 2018w  2018D 2019D 2018w  2018D 2019D 2018w  2018D 2019D

Date

Sample SO SO S1 S1 S1 S2 S2 S2 S3 S3 S3 S4 S4 sS4 S5 S5 S5 S6 S6 S6

pH 7.38 7.42 4.66 5.14 7.09 5.49 7.31 7.51 6.88 7.69 7.62 7.18 7.82 7.65 7.32 7.9 7.66 7.5 7.77 7.67

Temp. (°C) 254 26.1 23.8 26.5 26.3 26 26.1 26 251 26.4 26.2 26.7 25.8 26.3 26.4 26.8 26 26.1 26.5 26.2

EC (us/cm) 276 215 1650 1189 624 1497 640 651 1141 663 492 2510 860 962 1680 700 1889 1590 2240 1290

Eh (mV) 420 425 490 479 475 491 372 443 413 433 420 408 438 424 426 435 430 428 442 461

Major Cation

mg/l

Ca 35.07 39.62 113 122 140 113 62.12 65.92 252(3)  66.56 39.62 296 74.33 109 317 69.88 210 336 107 193
0.2 (0.6) (0.6) (0.1) (0.5) 0.2 0.2) 0.2) 0.3) (0.6) (0.8) (0.6) 0.9) (0.8) 0.4) (0.9 0.9) (0.3 0.7)

Mg 28.23 18.97 115 95.67 69.07 120 31.96 35.81 98.09 32.71 18.97 91.38 40.06 42.47 104 34.14 59.07 100 44.81 51.3
0.1) 0.3) 0.9) 0.4 (1) (1.5) 0.3) 0.2) 0.2) 0.2) 0.7) 0.9 (0.4) 0.3) 0.9 0.3) (0.2 0.7) 0.7) (0.6)

Na 15.13 10 18.18 0.55 bdl 11.04 0.6 bdl 5.34 0.6 bdl 45 0.51 bdl 5.34 bdl bdl 18.04 bdl 0.6
(0.3) (0.3) (0.2) (0.1) (0.4) (0.1) (0.2) (0.1) (0.6) (0.2) (@) (@) (0.1)

K 32.11 29.64 50.66 29 29.60 21.37 28.92 28.95 3351 28.89 29.64 25.2 29 29.58 27.39 29.08 29.6 41.7 22.94 42.56
(0.2 (0.7) (0.3 0.1) (0.2 (0.3 0.2 (0.2) 0.1) (0.2) 0.2 (0.5) (0.4) (0.5 (0.2) (0.5 (0.4) 0.2 (0.3) (0.2

Major Anions

mg/l

SO% 94 80 737 523 370 426 262 300 523 208 150 1356 284 468 1692 209 1370 1413 1083 812
(3.4) (6.2) (15) (21) (34) (22) (45) (12) (21) (32) (11) (18) (20) (22) (33) (10) (12) (22) (23) (12)

HCO3 5.1 19 133 13.2 9 125 160 16.8 61.6 159 19 161 135 129 282 159 209 303 135 135

CI 20.22 20.18 16.7 14.29 9.5 18.25 16.53 10.38 31.73 15.85 20.18 20.54 15.02 14.41 20.28 15.91 9.58 17.09 10.93 11.09
0.3 (0.2 (0.11) 0.3 (0.8) (0.4) 0.1) (0.2) 0.3 (0.1) 0.6) (0.4) (0.1) 0.2 (0.3) 0.7) (0.1) 0.2 3) (0.1)

Minor Cations

mg/I

Cu 157 0.18 70.21 14.52 0.61 38.4 0.4 0.75 3.59 0.15 0.18 1.74 0.18 0.38 0.08 0.17 0.19 2.73 0.58 0.16
(0.03) (0.01) (0.3 (0.03) (0.07) (0.8) (0.02) (0.03) (0.03) (0.05) (0.04) (0.03) (0.01) (0.01) (0.01) (0.01) (0.01) (0.05) (0.02) (0.01)

Co bdl 0.05 6.75 0.95 0.19 0.11 0.22 0.25 0.35 0.06 0.05 0.04 0.1 0.17 0.05 0.06 0.01 0.1 0.13 0.12

(0.01) 1) (0.05) (0.03) (0.02) (0.06) (0.05) (0.03) (0.01) (0.02) (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.1)
Fe bdl bdl 15.02 15.38 bdl 4.62 0.05 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
(@) 2 (0.1) (0.01)

bdl- below detection limit
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4.3.2 Whole rock geochemistry

Results of whole rock geochemistry are shown in Table 9. According to the results, the following
range of mineral abundance is revealed: Q (63 - 72%), Al (11 — 18%) and K (5 — 8%) suggesting
that aluminosilicate and phyllosilicate minerals are relatively dominant. The common
aluminosilicates such as feldspar was found to be mostly orthoclase and microcline
(KAISi30g) and minor plagioclase ((Ca,Na)AlSizOg). The dominance of (KAISizOg) indicates that
the weathering of silica-rich igneous rocks such as granites are the major protoliths and that the
weathering of aluminosilicate minerals rich in feldspar commonly usually form kaolinite. lons
such as Na, K, Ca, Mg, and Fe are a bye-product of the weathering or alteration process of the

aluminosilicates and phyllosilicate minerals.

The Fe concentration in the form of Fe;O3 ranges between 3 — 6% which is lower than the iron-
rich rocks that are generally reported to be greater than 10 -15% or more such as goethite and
hematite and pyrite (Blowes et al., 2003). This low Fe concentrations suggests that weathering of
either phyllosilicates (i.e., micas; biotite) or sedimentary Fe- containing sediments are the likely
sources of Fe in both sludges and sediments (Everett et al., 2019). Calcium concentrations
expressed as calcium oxide (CaO) range between 0.1 — 5%. This low value strongly reflects the
absence in the underlying carbonate rich bedrock or the low to absence in the distribution of Ca-
bearing minerals. The low CaO content is also a valid evidence of sedimentary rock such as
mudstones, siltstones and sandstones. Locally elevated CaO concentrations (i.e., 4.1%) (Table 9)
may reflect the anthropogenic activities, particularly the practice of lime addition to drainage
effluents during wastewater treatment (Everett et al., 2019). The magnesium (Mg) content
measured in the form of magnesium oxide (% MgO) ranges between 3 — 7% in composition. No

dolomitic rocks were envisaged in the underlying bedrock or in the vicinity of the sample locations.
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Therefore, the possible sources of Mg are the weathering of ferromagnesium minerals and Mg-
rich micas. Additionally, the Mg concentrations spikes were observed in effluents associated with
low pH conditions such as at sample point S1 (Table 8) suggesting that dissolution and weathering
of Mg-rich metasedimentary rock are among the major sources. The organic matter concentrations
measured through LOI in the sediments are of considerably low values (< 10%) indicating that the

effects of organic matter are relatively low.

The Cu and Co concentrations in sludge as measured by XRF is as shown in (Table 9). The high
Cu concentration at S1 (i.e., 7100ppm) and S2 (i.e., >12265ppm) and of Co; (i.e., 397.6ppm) and
(i.e., 401.5ppm) are associated with the pH and proximity to the sources of the metals (i.e.
concentrator). The high metal concentrations in solid materials reflects that anthropogenic

activities associated with the mining operations.
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Table 9: Whole rock geochemistry of sludge

Sample # (%) Sio, TiO, Al;,03 Fe,03 MnO MgO CaO Na,O K0 P,Os LOI Co Cu

Si Ti Al Fe Mn Mg Ca Na K P Co Cu

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) % (ppm) (ppm)
SO 93.40 71.89 0.74 18.00 1.48 0.01 0.14 0.05 0.24 0.78 0.04 9.56 13.89 142.46
S1 102.10 66.98 1.55 12.61 5.13 0.13 6.77 1.76 0.34 5.85 0.18 5.13 397.65 7103.13
S2 101.95 64.12 131 12.07 6.10 0.15 6.67 4.07 0.05 5.86 0.27 4.65 401.48 12265.92
S3 95.24 63.34 1.87 11.42 5.70 0.10 4.82 134 0.47 5.27 0.20 5.63 270.33 6502.69
S4 96.40 68.44 1.28 11.03 3.88 0.07 3.37 1.61 0.21 5.84 0.15 3.24 188.06 4828.47
S5 98.13 67.40 1.02 13.10 3.88 0.08 4.09 1.26 0.21 6.38 0.13 4.03 234.26 5529.69
S6 99.50 63.24 0.95 16.94 4.66 0.13 4.24 0.95 0.21 7.25 0.23 6.12 284.68 6464.22
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4.3.3 Mineralogical composition of sludge solids

The XRD patterns of sludge are shown in Fig. 4.4. From the XRD patterns, it is clear that no
significant variations in mineral compositions exists between different sampling dates (i.e., S3-
2018D; S3-2018W) suggesting that the supply sources may be uniform (i.e., weathered feldspathic
granites). The dominant mineral components are micas (i.e., biotite and muscovite), kaolinite,
quartz and k-feldspar. Mineral quantification by XRD shows that mica constitutes about 40 -70%
of the total mineral composition in sludge. The presence of micas is an important indicator of the
presence of metamorphic assemblages and their accompanying mineral weathering conditions

(Fanning et al., 1989).

The second most common mineral as revealed by XRD is kaolinites. The mud cracks (Fig. 3.6d)
are therefore a product of the presence of kaolinite associated with the tropical climates and with
high rainfall conditions due to weathering of primary minerals such as aluminosilicates and
phyllosilicates (White and Dixon, 2002). Quantification by XRD shows that its abundant ranges
between 25 — 40% (Fig. 4.4). It is not clear the type of kaolinite is present in sludge, however
because the source is the highly weathered soils and sediments, the disordered type of kaolinite
seems likely (Hughes and Brown, 1979). Evidence of disordered type of kaolinite are highly

disordered XRD patterns (Hughes and Brown, 1979).

Quartz is another common mineral in sludge especially in coarse grained particle sizes (i.e.,
>53um). Weathering of granites that are reportedly commonly exposed in the drainage accounts
for its dominance. Another potential source is suggested to be by crystallization out of the

dissolution products of feldspars (Estoule-Choux et al., 1995).

The amount of feldspar is of lowly quantity in sludge. As indicated in Section 4.2.2, the estimated

amount is less 2% of the total mineral composition in sludge and linked to the weathering of a
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wide range of component minerals (Hughes and Brown, 1979; White and Dixon, 2002) consistent
with the weathering of mineral components around the Zambian Copperbelt (McGowan et al.,

2006).
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Figure 4. 3. XRD patterns of sludge
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4.3.4 Formation of secondary mineral in sludge
The commonly and much susceptible minerals to weathering conditions are biotite and feldspar
(Fig. 4.4). Weathering of biotite involves more complex process such as exfoliation process as

revealed by Gilkes and Suddhiprakarn (1979) in Fig. 4.5 and evidenced by microscopic analyses

(Fig. 4.6).
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Figure 4. 4. Pathways for biotite alteration deduced from morphological, mineralogical, and chemical studies of
specimens from deeply weathered profiles (From Gilkes and Suddhiprakarn, 1979)
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Exfoliations were evidenced in SEM analyses in form of (i) the layer weathering and rugged
erosion surfaces (Fig. 4.6a) and (ii) the etched pits (Fig. 4.6b). Both these features indicate the
tendency of biotite to undergo layered and edge weathering mechanisms consistent with the studies
conducted by Ghabru et al. (1987): Wilson (2004). Edge weathering (i.e., etched pits) are reported
by Wilson (2004) to cause mineral deformations, easy disintegration and rapid fracturing of
minerals along certain crystallographic orientations. Specific to biotite, Davis and Hayes (1986)
indicated that such structural deformations tend to cause the release of the octahedral ferrous (Fe?*)
ion which oxidises to ferric (Fe®") ion forming Fe oxides (i.e., HFO). The evidence of Fe?* to Fe3*
oxidation is bleaching and opacity of biotite surface grains (Fig. 4.6¢) consistent with the earlier
findings by Bisdon et al. (1982). With ageing, more discrete forms of HFO are evidenced by SEM
(Fig. 4.6d). According to Chakraborty et al. (2011), Fe (I11) oxyhydroxides are a potential sink of

heavy metals and are expected to control the mobility of metals in oxidising conditions.

NONE SEI 15.0kV X. 2700 WD 8.8mm

Bleaching/Opacity (]

Biotite

(0.5mm

Figure 4. 5. (a) Exfoliation layers formed by the layered weathering of biotite grains, (b) Etched pits formed by edge
weathering of biotite grains, (c) Bleaching and opacity of biotite grain surfaces due to coatings with non-crystalline
material (i.e., HFO) during and after biotite weathering, (d) HFO precipitate formation from oxidations of Fe%*/Fe3*
ions released from biotite weathering. Abbreviations: HFO-hydrous ferric oxide
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4.3.5 Grain surface coating

Freshly precipitated HFO has been found to occur as a surface coating on suspended sediments,
carrying several adsorbed metals during transport (Singh et al.,1984). In the studied sludge, the
existence of HFO coating was indirectly recognized by XRD pattern (Fig.4.7). Before chemical
treatment, low peak intensities of micas, kaolinite and quartz were determined. After treatment
with NH4Ox solution, the signal/noise ratio of the peak increased suggesting that the X-ray
amorphous materials are removed. The estimated amount of chemically extracted HFO coating is
in the ranges of 5 — 10 g/kg (Table 10). The measured amount of HFO is low and consistent with
the limited proportion of the released Fe ion from biotite weathering rather than from the known

Fe-rich sulphide oxidations common in AMD conditions (Blowes et al., 2003).
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Figure 4. 6. XRD pattern of surface coated sludge before and after treatment. The coating material is HFO precipitate
from the weathering of biotite
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The interactions of HFO with other component minerals were commonly observed with the
kaolinite surface by SEM-EDS (Fig. 4.8a). HFO — kaolinite association has been reported by
Carroll (1959); Jenne (1998) to especially modify the metal adsorption behaviour and affinity
characteristics of kaolinite surface. Such modification has been studied with models by Lund et al.
(2008); Landry et al. (2009) and their results confirm that both minerals display capacities to
control heavy metal mobilities. It is, therefore, to be expected that kaolinite — HFO associations in
the studied sludge are to a greater extent controlling the retention and transport of the heavy metals.
In TEM-EDS analyses (Fig. 4.8b), another type of surface coating resembling “microencapsulation”
was observed around a micaceous grain which according to Quispe et al. (2013) is attributed to
the rapid precipitation of HFO under neutral to alkaline conditions. Microencapsulation is likened
to the formations of hardpans and cemented layers commonly observed in tailings surfaces
(Graupner et al., 2007) and widely investigated especially for their potential in minimizing the
discharge of metal contaminants (McGregor and Blowes, 2002; Gilbert et al., 2003) either by
adsorption or precipitation (Jenne, 1998). The processes (i.e., dissolution of primary mineral
phases, transport processes, and precipitation of secondary phases) leading to the formation of
hardpans have been reported by Graupner et al. (2007) and appear to parallel the conditions under
study. The significance of these layers in environmental studies is that they can temporarily act as
a potential sink of metal thereby limiting the metal mobility. In the studied sludge, this condition
has the ability to enhance metal-stability conditions, though maybe in a short-term condition due
to the observed variations in the low pHs in drainage effluents (Fig. 4.1: Table 8). Under SEM-
EDS elemental surface mapping (Fig. 4.8c), HFO coating was observed onto the surface of sand
grains. Quartz sands are relatively abundant in sludge and their capacities to adsorb metals are

relatively unclear. However, based on these results, the grains are seemingly potential transporting

Page 57



mediums of heavy through grain surface coating. Quartz surface coating is reportedly similar to
iron oxide-coated sands (IOCS) that are currently studied and applied in the pretreatment of

wastewater (Hansen et al., 2001).
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Figure 4. 7. Freshly HFO precipitates adhering and coatings kaolinite surfaces, (b) Layered (cemented) surface
coating onto micaceous grains resembling microencapsulation or hardpans (c) SEM elemental mapping of grain
surfaces showing HFO coating onto silica/quartz grain and their subsequent adsorbed metals (i.e. Co adsorption onto

HFO)
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4.3.6 Mineral composition of efflorescent salts precipitates

XRD analyses revealed that salt composition comprised mainly of gypsum (CaS0Os.2H,0) and
hexahydrite (MgS0O4.6H20) (Fig. 4.10). The two (2) salts are linked to the presence of high Ca?",
Mg?* and SO.* observed in effluents (Table 8). Ca®" is likely sourced from lime, Mg?* from
weathering of component minerals and SO4% from sulphuric acid. At the laboratory scale,
dissolving the salts in deionized water and analysing their elemental concentrations showed Cu
and Co concentrations to be below the detection limit (Table 10). The absence of Cu and Co in the
efflorescent salts indicates that the salts are not the potential hosts or sinks of metals in both short-
term and long-term conditions. This condition is unique because heavy metals (i.e. Cu, Zn, Mn)
are commonly found to undergo isomorphic substitution with AMD salts such melanterite
(FeSO4-7H,0) forming alpersite (Cu, Zn, Mn, Mg, Fe) SO4-7H20 in typical AMD conditions
(Nordstrom and Alpers, 1999; Peterson et al., 2006). This observation suggest that some metal

retention mechanisms are likely to be taking place in sludge.
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Figure 4. 8. XRD patterns of gypsum and hexahydrite formed during dry season and devoid of metals due to adsorption
processes in sludge associated with the host minerals such as HFO and kaolinite which bind the metals making them
not easily releasable during salt precipitations
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Table 10: Physiochemical characteristics of sludge and effluents

Sludge

Sample location S1 S4 S5 S6

Clay (g/kg) 85.43 105.1 115.26 148.34
HFO (g/kg) 10.2 8.32 9.53 4.89

CEC (cmol/kg) 6.7 7.71 15.17 18.88
Efflorescent Salts

Sample location S4 S6 P3 P4

pH 8.62 7.28 7.62 7.68
Major Cations

Ca (g/kg) 24.17(0.15) 24.32(0.14) 20.82(0.13) 23.87(0.12)
Mg (g/kg) 159.07(21) 176.86(0.12) 110.46(0.13) 160.62(0.25)
Na (g/kg) 9.24(0.2) 10.48(0.23) 4.92(2.1) 4.54(0.33)
K (g/kg) 5.76(0.26) 6.17(0.15) 5.18(2.1) 5.15(2.1)
Major Anions

S04 (mgl/l) 16837(0.92) 19117(0.85) 10774(0.91) 18620(0.92)

bdl- below detection limit; CEC- cation exchange capacity; HFO-hydrous ferric oxide; cmol/kg- centimole per kilogram

CI (mg/) 47.09(0.6) 25.36 (0.52) 21.73 (0.11) 20.56(0.9)
Minor Cations

Cu ppm bdl bdl bdl bdl

Co ppm bdl bdl bdl bdl
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4.3.7 Metal partitioning by sequential extraction

Figure 4.11 shows the results of metal partitioning analysed in the bulk-sized and clay-sized
particles. In both particle sizes, metals are partitioned into; exchangeable (F1), acid soluble (F2)
and reducible (F3) fractions. Overall, the differences in the metal concentration between bulk and
clay-sized particle is largely a function of surface area. For instance, in F1, Cu and Co
concentrations in the bulk-sized and clay-sized particles were in the ranges of; 50 — 350 mg/kg Cu;
20 — 30 mg/kg Co and 200 — 1000 mg/kg Cu ;30 — 100 mg/kg Co respectively. As earlier indicated
(section 2.2.3), clay minerals (Stumm and Morgan 1995) are the host minerals in F1, hence
kaolinite present in sludge based on the mineralogical composition analyses by XRD (Fig. 4) is
the potential host of metals. Furthermore, the observed variations in Cu and Co concentration in
F1 according to Appel and Ma (2002) commonly occur as a result of the presence of high
concentrations and selectivity adsorption characteristics of the metals. This condition reflects the

(i) relatively affinity of the metal to the host minerals and (ii) competition for adsorption sites.

In F2 fraction, metals are associated with carbonate minerals (Tessier et al., 1979). However, XRD
and SEM analyses revealed that the carbonates are absent in the studied sludge. The measured
concentrations in bulk and clay-sized particles for each metal were in the ranges of 600 — 1500
mg/kg Cu ;100 — 200 mg/kg Co and 2200 — 5500 mg/kg Cu; 120 — 260 mg/kg Co. In the absence
of carbonate minerals (i.e., acid-soluble fraction), it remains unclear whether kaolinite or HFO
host the metals. Therefore, to assess the role of kaolinite in hosting the metals, batch adsorption

experiments were conducted (Chapter 5).

In F3 fraction, concentrations in bulk and clay-sized particles for each metal were in the ranges of
1300 — 2300 mg/kg Cu; 80 — 200 mg/kg Co and 2200 — 5500 mg/kg Cu ; 260 — 290 mg/kg Co. Cu

concentration is equally distributed between F2 and F3. However, by default, metal concentrations
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associated with F3 fraction are expected to be of a much greater proportion than F2 fraction due
to the metal partitioning characteristics associated with the HFO surfaces (Lindsay et al., 2015).
The high proportions of metals in F2 especially Cu is suggested to be a contribution from some
loosely or weakly bound metals associated with the HFO coated bulk size grains (Fig. 6¢) and
clay-size particles. This observation is consistent with results of the previous study conducted by
Essen and EI Bassam (1981) which indicated that Fe oxides dissolve and release weakly adsorbed
metals into solution at treatment conditions of pH < 6. Thus, acid-soluble fraction treatment at pH
5 (Table 7), some weakly adsorbed metals associated with HFO sites are desorbed. Other
sequential extraction steps (i.e., F4, F5, F6, F7 and F8) revealed very low concentrations to the

below detection limit.
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Figure 4. 9. Sequential extraction results of solid sludge. For individual fraction phases, refer to Table 7 and for sample
location, refer to Fig. 3.3b and Table 8.
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4.4 Chapter 4-Summary

©)

The dissolved Cu?* and Co?* concentration is low because of lime treatment which increases
the pH conditions of the effluents. Despite the addition of lime to effluents, the metal carbonate
solubility is low indicating that metal carbonate precipitation is not the major control of metal
retention.

Micas (i.e., biotite and muscovite), kaolinite, quartz and feldspar are the major component
minerals with HFO existing as surface grain coating. The sources of HFO is the weathering
of biotite which releases the Fe?* and oxidises to Fe®*.

Kaolinite and HFO are the major mineral components in sludge solids whose surfaces
generally control the fate and transport of metals in the studied sludge effluents and solids at
solid-liquid interface through metal adsorption.

The dominant metal partitioning phases are the exchangeable, acid soluble and weakly
reducible fractions. On the basis of metal stability trends, the geochemical partitioning phases
indicate that anthropogenic activities are the sources of metal contaminants, hence relatively
labile.

Both coarse and fine particle size adsorbs the metals partitioned in each individual fraction,
though the high concentrations are a function of particle size distribution. In coarse particle

sizes is dominated by quartz which sometimes is observed to be coated with HFO.
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Chapter 5: Batch adsorption experiments and surface
complexation modeling (SCM)

5.1 Overview

Heavy metal removal from solutions is one of the most significant studies in areas affected by
anthropogenic activities. Adsorption is among the dominant process influencing the removal of
heavy metal ions in such environments. Adsorption is mainly studied by batch experiments. Batch
adsorption experiments are carried out by adding certain amount of solid into solution containing
specific concentration of contaminants with a specific solid/liquid (S/L) ratio, vigorously stirred
or shaken during the entire reaction time (Tsing-Hai Wang et al., 2009). The adsorption capacity
obtained from a batch experiment is useful in providing information on the effectiveness of metal-
sorbent system. Previous studies (Shiging Gu et al., 2019) reviewed clay mineral adsorbents
for heavy metal removal from wastewater through batch adsorption experiments. Their studies
revealed that heavy metal adsorption by clay and clay composites consists of a series of
complicated adsorption mechanisms, including ion exchange, surface complexation, and direct
bonding of heavy metal cations to the surface of clays. Most clay minerals produce a small amount
of net negative surface charge due to isomorphic substitution (Sposito, 1984; Stumm and Morgan,
1995). Furthermore, particle edges of clay minerals may produce charges according to the
suspension pH as a result of broken primary bonds (Sposito, 1984). Clays have small particle sizes
and high specific surface areas as a result of their complex porous structures, which facilitates
physical and chemical interactions with dissolved species. These interactions result from
crystallinity, electrostatic repulsion, adsorption and some cation exchange reactions (Tsing-Hai
Wang et al., 2009). Another potential adsorbent in the removal of heavy metal contaminants from
wastewater studied by batch adsorption experiment is hydrous ferric oxide (HFO) (Dzombak and

Morel, 1990; Spark et al. 1995). HFO is most known to be effective for removing heavy metals
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from aqueous solution because of its high specific surface area and potentially higher reactivity
than bulk particles or natural minerals, which should confer greater sorption capacity. The
mechanism by which HFO remove trace metals from solution has been postulated by various
workers to be coprecipitation, adsorption and surface complexation (Smith, 1992; Jenne, 1998).
Of potential significance in the role of heavy metal oxides on metal ion transport is the fact that
the degree of interaction between the heavy metals and HFO is likely to be dependent on whether
the heavy metal was present at the time of formation of the hydrous metal oxide precipitate or
coating (Lee, 1975). It has been known for some time that much greater incorporation of chemicals
into ferric hydroxide precipitates occurs when the precipitation takes place in the presence of the
contaminant (Lee, 1975; Jenne, 1998). Clay minerals and HFO can coexists and is reportedly
common is tropical soils in tropical climates (Carroll, 1960). Often times, HFO adhere to the
surfaces of clay minerals in form of surface coating. As earlier alluded, clay minerals can adsorb
metal at ion exchange sites. However, it is doubtful that the ion exchange of clay minerals such as
kaolinite can play a significant role in heavy metal transport for several reasons. First, the cation
exchange capacity represents a small part of the adsorption capacity of the particulate matter for
cations. Another factor to consider is that competing for the cation exchange sites with the heavy
metals of interest are the bulk metal species such as calcium, magnesium, and sodium which occur
at concentrations many-fold over the heavy metals (Carroll, 1960; Jenne, 1998). Therefore, when
considering the adsorption capacity of mineral fragments (i.e. clay minerals and HFO) for heavy
metal species, consideration must be given to the possibility of hydrous metal oxide coatings on
the surface of these particles which would in turn play a dominant role in the chemistry of heavy
metals. For example, studies by Plumb and Lee, 1973 indicated that taconite sludge tailings derived

from iron ore mining in the Mesabi Range in northern Minnesota showed significant adsorption
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capacity for Cu on its surface. This adsorption capacity was manifested even though the sludge
tailings were composed primarily of quartz and of an iron-magnesium silicate (cummingtonite).
In order to investigate the adsorption performance of the adsorbent towards heavy metals at various
pH conditions, SCM can predict the behaviours of metals with the host surfaces through chemical
reaction between surface sites and metal ions in solution for which the equilibrium constants are
modified by the surface charge. The DDL model of Dzombak and Morel (1990) is employed in
this chapter to determine the metal behaviours to each of the dominant adsorbent (kaolinite and

HFO) in sludge.

5.2 Materials and methods
5.2.1 Batch experiment

Two types of sludge materials were prepared and used in batch experiments. Sludge; (i) with HFO
coating and (ii) without HFO coating. For sludge without HFO coating, the removal of HFO
coating followed chemical extraction protocols and procedures outlined by Chao and Zhou (1983)
using acidified ammonium oxalate (NHsOx). To ensure the total removal of HFO coating,
additional chemical treatment steps outlined by Mehra (2013) were conducted. The batch
adsorption experiments were performed in single and binary metal systems as shown in Figure 5.1

and as described below:

5.2.1.1 Sludges with and without HFO coating

Sodium nitrate (NaNO3z) from FUJIFILM Wako Pure analytical grade was used to prepare 100 ml
of 0.05 M electrolyte in a 250 ml volume of polyethylene plastic bottles. Each of the 1g solid of <
2um clay-size particles (i.e., sludge with and without HFO) was added to each of the separately
prepared electrolytes and the initial pH adjusted to pH 3 by HNOs. The solution was equilibrated

by end-over-end shaking at speed of 200 rpm for 24 hours. In single metal system experiments,
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1.10 mM copper (1) nitrate trihydrate (Cu (NO3)2.3H20 from FUJIFILM Wako Pure analytical
grade) and 0.11 mM cobalt nitrate hexahydrate (Co (NOgz)2. 6H20 from FUJIFILM Wako Pure
analytical grade) were added to each of the prepared electrolytes. In binary metal system
experiments, 1.10 mM Cu and 0.11 mM Co were simultaneously added to each of the prepared
electrolytes. The aliquots were equilibrated for 24 hours by an end-over-end shaker at a shaking
speed of 100 rpm. Batch adsorption experiment involved titrating aliquot volume with 0.05 M
HNOs and 0.05 M sodium hydroxide (NaOH; FUJIFILM Wako Pure analytical grade) to desired
pH 3 - 9 under the magnetic stirring bar. After equilibration to the desired pH conditions, the
mixture was again placed on an end-over-end shaker at 100 rpm for 24 hours after which pH re-
measured, centrifuged and filtered with 0.2um membranes. The filtrates were acidified by pure

grade HNOs and analysed by ICP-AES.

5.2.1.2 Reference kaolinite

Reference kaolinite sample (JCSS-1101) was obtained from the Clay Science Society of Japan.
The sample was acid washed in 0.1 M HCI solution, and oven-dried at 90° for 24 hours and
analysed by XRD. XRD results showed characteristic peaks of kaolinite with no other mineral
components detected. The surface area was measured by the Brunauer-Emmett-Teller (BET)
method by protocols outline by Brame and Griggs (2016) using a Quantachrome analyser (NOVA
touch LX® NT3LX-1). The measured value was 18.34 m?/g. Two sets of adsorption experiments
were conducted by adding 1g kaolinite to 100 ml of 0.05 M NaNO3 electrolyte in a single metal
system. A 0.25 mM Cu and 0.0163 mM Co were each prepared and added to each of the prepared
100 ml volumes of electrolytes. The aliquot solutions were varied from pH 3 - 9 through titration

with 0.1 M HNOs and 0.1 M NaOH solutions at 0.25-pH unit increment and equilibrated for 24
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hours. The aliquot pH-re-measured, centrifuged, filtered through 0.2 um filters and analysed by

ICP-AES.

Batch adsorption experiment ( smgle and binary system)
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Fig. 5.1. Batch adsorption experiment

5.2.2 Surface complexation modeling (SCM)

The component additivity (CA) approach of SCM prediction was adopted. HFO sites were
modeled with the FeOH+.sdat dataset in GWB package from the diffuse double layer (DDL) of
Dzombak and Morel (1990) database by assuming strong sites >(s)FeOMe+ and weak sites
>(w)FeOMe+ where Me?* represents the metal adsorbed. The concentrations of Fe used in
modeling were estimated from the chemical extraction treatment of HFO coating from sludge with
NH4Ox following sequential extraction protocols outlined in Table 7. Kaolinite modeling was
made possible through SCM constants and equilibria obtained from the previously published
papers cited in Table 10. SCM constants and equilibria from previous papers were used due to the

lack of a thermodynamic database of micas. Therefore, kaolinite was assumed to be the dominant
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host surface. For kaolinite adsorption, two sites, >X>Me and >(KaO).Me were selected based on
their reasonably better model fit to the experimental data. Both model simulations were

constructed using the REACT module of GWB package software.

Table 11: Input parameters for the surface complexation modeling of kaolinite

Surface reactions log K

Surface reactions H Cu Co
>KaOH + H* = >KaOH>"* 3.248

>KaOH = >KaO + H* -7.152

>X.Na* + H*=>X"H + Na* -2.882

>KaOH + Me?* = >(KaO)Me* +H* -4.58b -6.872
2>X".Na* + Me?* = >X2.Me?* + 2Na* 3.31° 3.02b
>KaOH + Me?* = >KaOMeOH +H* -8.9

Other parameters

Surface area (m?/g) 25.7¢
Site density X (mol/kg) 0.05¢
Site density SOH (mol/kg) 0.05¢

sAngove et al. (1997); lkhsan et al. (1999); “Landry et al. (2009); %Fan et al. (2019)

5.3 Results and discussion

5.3.1 Sludge without HFO: Single system-Cu?*

The adsorption edges of single system for total Cu adsorption are given in Fig. 5.1a. The adsorption
edges for both standard kaolinite and kaolinite in sludge is identical. This result reveals that in the
absence of HFO, kaolinite in sludge is the main adsorbent of Cu?* ions. Cu?* showed two (2) initial
stages of adsorption from pH 3 — 5 and from pH 5.5 - 6.5 representing the maximum adsorption
boundaries for the exchange sites and variable charge sites (Schindler et al., 1987). In 0.05M
electrolyte typical of our field condition, < 10% Cu is adsorbed. This result shows that at low pH

conditions, metal adsorption is independent of pH conditions (Goldberg 2002). However, with
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increasing pH, adsorption is mainly pH dependent and mostly concentrated at variable charge sites

(Lutzenkirchen, 2006).

SCM predictions (Fig. 5.2b) reveals that low pH adsorption at exchange sites is dominated by
X2Cu species and with <10% Cu adsorbed. This low % adsorption is typical of metal adsorption
onto kaolinite surfaces at permanent negative charge sites (Gu and Evans, 2008). With increasing
pH conditions (i.e., pH 5 — 6.5), the dominant surface species according to SCM prediction is
>KaOCuOH+ consistent with results suggested by Srivastava et al., 2005 of Cu adsorption onto

kaolinite surfaces.

From the results of batch adsorption experiment (Fig. 5.2a) and SCM predictions (Fig. 5.2b),
kaolinite shows the ability to adsorb Cu?* ions at both low and high pH conditions. However, the
low % adsorption at low pH is due to low CEC associated with kaolinite (Bergaya et al., 2006).
With increased pH of adsorption, SCM predicts that >KaOCuOH+ commands significant
adsorption onto kaolinite surfaces. This observation therefore, suggests that kaolinite has potential
to host metals associated with the acid soluble fractions of the sequential extraction in the absence
of carbonate minerals. Although, kaolinite has low surface area (Bergaya et al., 2006) to display
high metal adsorption capacity, its high volume (>60%) in sludge shows the high potential to

adsorb high metal concentrations.
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Fig. 5.2. a) Batch adsorption behavior of Cu?* ion onto kaolinite: b) SCM predictions of the dominant Cu®* surface
species onto kaolinite surface.

5.3.2 Sludge without HFO: Single system-Co?*

According to results of Co adsorption shown in Fig. 5.3a, Co exhibits a slightly different behaviour
from that observed with Cu. Co adsorption at the initial stage occur from pH 3 — 6.5 and later stage
pH 6.5 — 8 with an overall percentage adsorbed of < 10% Co. Co seem to show much longer
retention at ion-exchange sites up to pH 6.5 (Fig. 5.3a). This behavior is possibly related to the
metal electronegativity character suggested in the Irving-Williams series order (Irving and
Williams 1948) and nature of the mineral surface relative to the metal affinity characteristics
(Spark et al., 1995). At variable charge site, metal adsorption is pH dependent supporting the

appropriateness of inner sphere complexation.

Figure 5.3b shows the SCM predictions of surfaces species onto kaolinite. Model predicted that
low pH adsorption is largely dominated by ion exchange by X>Co with <10% Co asorbed. The
low % Co adsorption is consistent with the low CEC values of kaolinite (Bergaya et al., 2006).
With increasing pH, the dominant surface species is >(KaO).Co based on SCM predictions. In

both cases (i.e., Cu?* and Co?*), the high adsorption capacity of kaolinite is pH-dependent and
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therefore, kaolinite exhibits the high potential to host the metals associated with the acid soluble

fraction of sequential extraction (See chapter 4).
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Fig. 5.3. a) Batch adsorption experiment of Cu?* onto standard kaolinite and kaolinite in sludge: b) SCM predictions
of Co?* adsorption species onto kaolinite

5.3.3 Sludge with HFO: Single system-Cu?*

Results of Cu?* adsorption onto sludge with HFO is shown in Fig. 5.4a. Two distinct adsorption
phases are revealed from pH 3 — 4.5 and pH 5 - 6.5. Approximately < 30% Cu is adsorbed below
pH 4.5. Above pH 5, pH-dependent adsorption controls metal adsorption. The pHso (i.e.50%
adsorption) is observed at pH 5, slightly lower than that of Cu onto kaolinite (i.e. pH 5.3) suggested
by Srivastava et al. (2005). The pHso of HFO measured by Sposito (1984) is pH 5. Therefore, from
the value of pHso, it becomes clear that HFO coating influences metal adsorption when present.
The maximum pH of Cu adsorption occurs at pH 6.5 indicating that at this pH condition most of

the adsorbed Cu?* is stable from release.

Figure 5.4b reveals the Cu?* adsorption surface species onto the mixture of kaolinite and HFO (i.e.,
sludge with HFO). The model predicts that Cu is distributed mainly on ion exchange sites at pH <

4.5 through >X>Cu consistent with outer sphere adsorption (Lund et al., 2008). The model predicts
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< 15% of the adsorbed Cu at ion exchange sites. The model prediction however, exhibited some
misfits to the experimental data at pH < 4.5. Lund et al (2008) observed similar discrepancies in
model fitting metal adsorption to the pure phases in the multicomponent system using the CA-

SCM approach due to the potential experimental uncertainties during modeling simulations.

Above pH 4.5, adsorption on ion exchange sites decrease, and the pH-dependent bidentate sites of
kaolinite >(SO).Cu and strong sites of HFO >(s)FeOCu+ and >(w)FeOCu+ species show
significant adsorption with increases in pH conditions. However, for kaolinite, the bidentate sites
of >(Ka0)2Cu species shows < 20% adsorption below pH 6. The low adsorption capacity of
>(Ka0)2Cu onto kaolinite is consistent with low surface area associated with the edge surface

(variable charge sites) of kaolinite (Angove et al., 1997; Ikhsan et al., 1999).

Cu?* adsorption by HFO >(s)FeOCu+ is rapid between pH 3.5 — 4.5, after which adsorption
decreases due to site saturation consistent with the results by Dzombak and Morel (1990) which
indicated that the >(s)FeOMe+ specie of HFO exhibits high affinity for cations but with low site
concentrations. In most cases where the sorbate concentration is low, the >(s)FeOMe+ of HFO
show greater cation adsorption (Dzombak and Morel, 1990). The weak sites of >(w)FeOCu+
rapidly adsorbs at pH > 4.5. The increase in adsorption by >(w)FeOCu+ sites correlate with the
sites characteristic of high site concentration with high sorbate concentration (Dzombak and Morel,
1990). This result suggests that the amount of sorbate (i.e., Cu concentrations) in the studied sludge
is high, hence the >(w)FeOMe+ surface of HFO will dominate adsorption. The excellent model fit
to experimental data showed by Cu?* suggest that the HFO sites describes the Cu?* adsorption very

well at solid-liquid interface
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Fig. 5.4. Single system Cu?* adsorption onto mixture of kaolinite + HFO in sludge: a) Batch Cu?* adsorption behaviour;
b) SCM prediction of surface species of Cu?* adsorption onto sludge mixture

5.3.4 Sludge with HFO: Single system-Co?*

In figure 5.5a, Co?* show a slightly different behavior to that of Cu?* (Fig. 5.4). The initial stage
of Co?" adsorption occurs from pH 3 — 5.5 and later stage from pH 5.5 — 8 (Fig. 5.1 d). At the
initial stage, Co®* exhibits a much longer retention at ion exchange sites. The most probable
reasons are attributed to the; (i) electronegativity characteristic described by Irving and William
(1948) and (ii) low hydrolysis behavior of the metal (Hizal et al., 2009; Loganathan et al., 2012).
As pH increases, the extent of Co adsorption also increases associated with inner sphere complex
(Landry et al., 2009). Thus, overall, our results of single metal system indicate that both metals

adsorb at low pH, but much significant adsorption occur with increasing pH.

According to SCM, the model predicts that < 15% Co is adsorbed at ion exchange site by >X>Co
from pH 3 - 5.5 (Fig. 5.5b). However, the model fit to experimental data at ion exchange site is
poor. We attributed this result to one or several of the following: (i) artifact caused by the
differences in experimental conditions and SCM constant and equilibria from literatures and (ii)

Fe-oxide coating on sludge surfaces. The second reason is probably the most likely because it has
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been observed that Co adsorption onto HFO surface >(s)FeOCo+ takes place at pH 5.5.
Furthermore, HFO precipitation has been reported to occur from pH > 3.5 (Jenne, 1998).
According to Lee (1975); Lee et al. (2002), HFO precipitation in the presence of contaminant tend
to incorporates the metal cations. With increasing pH, the kaolinite bidentate site >(KaO).Co show
20% adsorb at pH 7.5. From the SCM observations, Cu?* (Fig. 5.4) and Co?* (Fig. 5.5) adsorbs
similar percentages at pH-dependent sites of kaolinite suggesting that without metal competition
for available pH dependent adsorption sites, both metals adsorbs equally by kaolinite surfaces. It
however, not clear as to whether the kaolinite adsorption sites are variable for each cation but
going by the percentage metal adsorption, it is possible to suggests that both metals are adsorbing
at different sites onto kaolinite consistent with previous literatures indicating that equal metal
adsorption can be expected where adsorption occurs at different adsorption sites (O’Day et al.,

1994; Lutzenkirchen, 2006).

Co?* adsorption at HFO site is dominated by the >(s)FeOCo+ species from between pH 5.5 — 7
with approximately less 40% Co?* adsorbed. The adsorption by >(s)FeOCo+ and
>(w)FeOCo+shows significant differences in terms of the percentage of metal adsorption. Based
on the individual metal concentrations and the sites characteristics of >(s)FeOCo+ and
>(w)FeOCo+, it can be deduced that at high Co concentrations, this site adsorbs lesser amount of
cation consistent with low site concentrations suggested by Dzomak and Morel (1990). At low Co
concentrations, however, the same site can adsorb considerable number of metals consistent with
the presence of high site concentrations associated with adsorption site (Dzombak and Morel,
1990). At pH > 7, the HFO surface site >(w)FeOCo+ dominates adsorption suggesting that when

the high affinity and low concentrations sites >(s)FeOCo+ are saturated, the low affinity and high
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concentration sites >(w)FeOCo+ also starts to dominate. The results are well comparable to those

obtained by Landry et al. (2009) for pure mineral system.
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Fig. 5.5. Single system Co?* adsorption onto mixture of kaolinite + HFO in sludge: a) Batch Co?* adsorption behaviour;
b) SCM prediction of surface species of Co?* adsorption onto sludge mixture

5.3.5 Sludge without HFO: Binary system-Cu?* - Co?*

The binary system sorption behaviors investigated on sludge without HFO (i.e. kaolinite) is shown
in Fig. 5.1 f. Generally, both metals show similar adsorption behavior observed in single (Fig. 5.1
a) and binary (Fig. 5.1 e) systems as confirmed by their relative positions of the adsorption edges.
Both metals revealed <10% adsorption at ion exchange site from pH 3 — 6.5. At variable charge
sites, Cu and Co adsorb from pH5.5 to 6.5 and 6.5 to 8 respectively. This behavior is slightly
different to that observed with HFO. This observation demonstrates that in sludge with HFO,
coprecipitation of HFO in the presence of the metal contaminant at low pH tend to also incorporate

with the metals.
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Fig. 5.6. Batch adsorption experiment results of binary system of Cu?* and Co?* onto kaolinite in sludge

5.3.6 Sludge with HFO: Binary system-Cu?* - Co?*

Figure 5.7a shows the adsorption edges of Cu and Co on sludge with HFO with seemingly identical
behaviours to that observed in single metal systems (Fig. 5.4; 5.5). The adsorption of Cu?* and
Co?* in binary system are shown in Fig. 5.7b. From the model, the ion exchange site by >X.Cu
showed a percentage adsorption of 15% than that of >X>Co sites at 10%, indicating clearly that
metal competition for sites was quite significant for Co than that of Cu. The high Cu concentration
displaced much of Co concentrations at ion exchange sites, consistent with the previous studies by
Atanassaova (1995). At increasing pH, adsorption at kaolinite site shows little to no discernible
variation for both metals. As earlier alluded to in the preceding section, there exists some high
possibilities of both metals to be adsorbing at different adsorption sites onto kaolinite surface.
Based on simple electrostatic valence concepts suggested by O’Day et al., 1994, the >Al-OH and
>Al-O-Si sites exposed on particle edges have excess non-bonded electron density on oxygen

atoms and are potential sites for cation binding.
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Cu adsorption to HFO sites show little to no significant difference between single and binary
system indicating that Cu is specifically adsorbed consistent with its electronegativity
characteristics described by Irving and Williams (1948). In the case of Co, adsorption was however,
the most affected in the presence of Cu. The percentages of Co adsorption by >(s)FeOCo+ and
>(w)FeOCo+ showed some remarkable decrease. For instance, Co adsorption at >(s)FeOCo+
decreased from 50% in single system to 25% in binary system at pH 6.5 whereas at >(w)FeOCo+
decreased from 35% in single system to 15% in binary system at pH 8. This result suggests that,
apart from high affinity of Cu for HFO surfaces, the two metals likely adsorb to the similar HFO
sites. The selectivity of Cu over Co is in agreement with the result by Sposito (1984) suggesting
that metals with rapid/fast hydrolysis behaviour tend to have high affinities for surfaces. This
behaviour of Cu has been shown in Fig. 3 with Cu hydrolysing at lower pH than Co. The little or
negligible adsorption differences between single and binary system on kaolinite sites is unclear.

But it appears to suggest the low affinities for both metals to the kaolinite sites.
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Figure 5.7. a) Batch adsorption results of binary system of Cu?* and Co?* onto sludge containing kaolinite and HFO;
b) SCM prediction of surfaces species Model parameters for kaolinite are listed in Table 10 and HFO from Dzombak
and Morel (1990). Experimental data (dots) and solid line and dotted lines are kaolinite and HFO predictions.
Experiment conducted at 0.05M ionic strength.
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5.4 Interpretation of sequential extraction results by SCM predictions

From the results of SCM predictions (Fig. 5.7), sequential extraction results (Fig. 4.11) are
interpreted. From the results of sequential extraction, metal partitioning in F1 fraction translates to
between 4-13 % Cu and 7 — 13 % Co. In a binary system (Fig. 5.7), modeling predicts 15 % Cu
(i.e., >X2Cu) and 10 % Co (i.e., >X2Co) at pH 3 - 5 and pH 3 - 6 respectively. The decrease in Co
percentages is consistent with the high Cu concentrations at the exchange sites due to competition.
Besides, our sludge has the high Ca concentrations due to the addition of lime. This condition
according to Harter (1992) is reported that high Ca concentrations compete favorably for exchange
sites more than Co. Therefore, the presence of high Ca concentrations from the dissolution of lime
is expected to affect Co adsorption in sludge rendering Co metal highly mobile into the
environment. Our results between sequential extraction and modeling predictions are well
comparable, though the small difference in percentage concentrations could be due to the use of

modeling parameters extracted from previous literature data.

In F2 fraction, results of sequential extraction of metal partitioning at pH-dependent kaolinite site
translates to between 46 — 47 % Cu and 35 — 48 % Co respectively. SCM predicts 20 % Cu?* (i.e.,
>(Ka0),Cu) and Co?* (i.e., >(Ka0).Co) adsorption for both metals at pH 5.5 and pH 7.5. Model
predictions are consistent with kaolinite low adsorption characteristics due to the low surface area
and low affinity sites (O’Day et al., 1994; Gu and Evans, 2008). The difference in percentage
concentrations between the two experimental results is suggested to be as a result of metal
desorption from loosely or weakly bound HFO sites as earlier reported in sequential extraction

results and supported by the results of previous study by Essen and El Bassam (1981).

In F3 fraction, results of sequential extraction of metal partitioning at HFO sites translates to

between 46 — 47 % Cu and 35 — 53 % Co. The model predicts 70 % Cu and 40 % Co at pH 7.5.
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The difference in percentages of model prediction with sequential extraction is that the model
assumes that no desorption of metals occurred during the F2 leaching stage. Comparing the results
of sequential extraction and model predictions, most metals are loosely or weakly bound to
kaolinite and HFO sites, and that they tend to desorb at the acid-soluble leaching stage. Therefore,
the reported metal release by sludge on the Zambian Copperbelt is as a result of the dominance in

metals concentrations associated with the labile fractions and weakly adsorbed metals onto HFO

surfaces.
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Fig. 5.8. Interpretation of sequential extraction from SCM predictions of Cu?* species onto sludge with HFO (i.e.,
kaolinite + HFO)
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Fig. 5.9. Interpretation of sequential extraction from SCM predictions of Co?* species onto sludge with HFO (i.e.,
kaolinite + HFO)
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5.5 Chapter 5-Summary

©)

Cu?* and Co?* adsorption onto kaolinite and HFO sites are responsible for controlling their
mobility in sludge effluents and solid deposits. This finding is very important because it means
that the metal retention mechanisms by sludge is largely dependent on the availability and
concentrations of kaolinite and HFO adsorption sites. However, for the most part, Cu?* and
Co?* adsorption is less stable and can be highly mobile under variable geochemical conditions
and thus be of some environmental concerns.

The adsorption capacity of Cu?* and Co?* onto kaolinite and HFO has well been described by
the CA-SCM approach. This approach has revealed that Co adsorbs and binds onto kaolinite
sites that might not have been dominated by Cu metal ions. With HFO sites, both Cu?* and
Co?* ions show greater affinity for adsorption sites, however, Cu?* is highly and specifically
adsorbed due to its electronegativity characteristics, thus is more preferentially retained on
HFO sites more than that of Co?* ion. This result, therefore, suggests that high metal
concentrations in binary or multi-elemental systems will in some way affects the adsorption
behavior of the other metals present depending on the individual metal characteristic been sort.
Through the CA-SCM approach, useful predictions of metal partitioning from sequential
extraction were produced. Therefore, the CA-SCM approach represents a powerful tool to
predict metal adsorption in single and binary system and metal partitioning from sequential

extraction.
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Chapter 6: Implications for Green Mining

6.1 Overview

Green mining is defined as technologies, best practices and mine processes that are implemented
as a means to reduce the environmental impacts associated with the extraction and processing of
metals and minerals (Ghose, 2009; Kachan, 2013). Currently, the mining industry holds the key to
sustaining the current economic growth and global developments for many countries throughout
the world. The demand for metals has greatly contributed to extensive exploration and exploitation
of mineral deposits. However, in the recent past few decades, mining has had the potential to affect
its environment which include ecosystem destruction, negative effects on biodiversity, release of
heavy metals, toxic substances and particulate matter through both mining and the beneficiation
processes, and significant use of water resources. Mine wastewater can potentially damage the
ecosystem through acid mine drainage, lowering pH value and causing the leaching of heavy
metals and other toxic contaminates into the water table, making water unusable for drinking and
agriculture and affecting aquatic life. To make mining a sustainable undertaking, adopting
strategies to promote green mining to reduce the footprint on the environment caused by mining
activities is quite significant. One of the approaches is to deploy minimum(zero)-discharge waste
processes (Song et al., 2015; Tong et al., 2016) that re-use existing waste materials and to recover
valuable minerals and metals. This process involves minimising the generation of wastes from the

sources resulting into low discharges.

Another approach of reclaiming the existing waste material at the deposition sites is by acid
treatment to recover the metals. Heap or dump leaching has widely been used in reprocessing of
mine waste for residual metals through application of chemical solutions to the solid material after

extracting it and placing it on a lined surface, which largely prevents solutions from penetrating
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into the ground and ground water thereby improving efficiency in mining with reduced

environmental impacts (Blengini et al., 2019).

Therefore, the objective of this chapter is to use surface complexation modeling to assess:
o Optimisation of wastewater (effluent) treatment conditions by lime
o Metal stability conditions in sludge
o Metal recoveries from solid sludges

6.2 Materials and methods

Table 12 show the hydrogeochemical parameters of rainwater and drainage effluents used as input
parameters in geochemical modeling (surface complexation modeling) simulation to predict the
optimal pH of wastewater treatment condition as well as ascertaining the minimum pH at which
Cu?* and Co?* can be leached out of sludge after rainwater percolations. Dzombak and Morel
(1990) database for HFO and kaolinite database from previous published datasets were used in the

modeling simulation

Table 12: Hydrogeochemical parameters of Copperbelt rainwater and source drainage

Rainwater Drainage effluent

pH 5.2 5.14
EC (uS/cm) 145 1088
Ca?* (mg/) 23.21 122.2
Mg?* 9.81 52.67
Na* 12.12 bdl

K* 80.94 29

SO4> 123.4 966

HCOs bdl 1.80
CI 17.04 10.57
Cu? 1.87 14.52
Co?* bdl 0.95

Abbreviation: bdl-below detection limit

Page 85



Geochemical modeling simulations (surface complexation modeling)
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Fig. 6.1: Surface complexation model simulation for predicting optimal pH of wastewater treatment and metal
stability conditions by rainwater percolations

6.3 Results and Discussions

6.3.1 Optimisation of wastewater treatment by lime

Determination of optimal pH conditions plays an important role in the wastewater treatment

process. As a chemical component of the wastewater, pH has direct influence on wastewater

treatability — regardless of whether treatment is physical or chemical process. The current

wastewater treatment at studied site involves un-mechanised type system which lacks pH

monitoring and control (Fig. 6.2), thus treatment optimisation is generally a source of major

concerns.
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Fig. 6.2. Un-mechanised wastewater treatment without pH monitoring and control

Based on results of geochemical modeling simulations; below are the results that:

® The addition of lime to drainage upto pH 6.3 (Fig. 6.2a) is sufficient to decrease
significantly the Cu?* concentrations to below regulation standard of 1.5 mg/I (EPA, 2017)
® Similarly, addition of lime to drainage upto pH 7.2 (Fig. 6.2b) is sufficient to decrease the
Co2+ concentrations to below the regulation standard set by the WHO of 50 pg/l (WHO,

2005).

Therefore, in a binary system consisting of both Cu?* and Co?* ions as in the case of the
drainage effluents at the studied site, the overall optimal pH 7.5 is sufficient to decrease the
dissolved concentrations to below the regulated standards. The advantages of this optimal pH
7.5 are that; a) low amount of lime dosage is required; and b) less generation of voluminous

amount of sludge that might require vast storage spaces of land.
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Fig. 6.3. SCM prediction of wastewater treatment optimisation; a) Cu?* ions and b) Co?* ions
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6.3.2 Proposed optimisation treatment of effluents at mine site

The current wastewater treatment is of high cost associated with electricity charges and increased

labour work for force due to the pumping back of sludge from the storage ponds to the treatment

site that are 2.5 km distant apart. As a countermeasure to the existing lime treatment of effluents

along the drainages, this study suggests the following measures;

® Construct an internal wastewater treatment facility that would replace the current system of
pumping back sludge from storage sites to the treatment plant. Figure 6.3 illustrates how this
process can be achievable at a minimum cost of operations. The advantages of this process
are that:

o Volumes of wastewater can be harvested in form of by-product during effluent
treatment. This water can be used for domestic consumption or re-used for agricultural
purposes

o Minimal disposal of sludge solid to the storage ponds, thus minimizing the usage of vast

spaces of land than can productively be used for human habitation and agriculture.

Liming

pH monitor (7.5) ~ inlet
' 4 Effluents

—

Clarifiers

Treated wastewater

Agitator
l (Solvent extraction)
® Solid sludge reservoir ——

Fig. 6.4. Proposed wastewater treatment optimisation at the mine site
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6.3.3 Metal stability

When rainwater fall onto the sludge at sludge storage ponds, it gets absorbed and becomes wet
(capture and percolation). If wetting continues, the sludge gets progressively saturated with water
(storage) and some of which might not be retained and overflows. Given the hydrogeochemical
results and the mineralogical composition results obtained in chapter 4, and of adsorption onto
kaolinite and HFO in chapter 5, it is evident that metal adsorption onto kaolinite and HFO is main
retention mechanism in sludge. Overall, sludge physical and chemical properties and pH
conditions play direct and preponderant roles in the metal retention mechanisms in sludge. The pH
of rainwater recorded in wet seasons were pH 5.2 and 7.1 respectively whilst in the dry season was
pH 7.3. The degree at which pH affects metal stability in sludge has been envisaged in this study

through surface complexation modeling simulations.

Copperbelt Rainwater
A e In wet season of March
// i = ~ 2018, pH was Ml

In wet season of November
2019, pH was|pH 7.1|

In dry season of September 2018,
pH was neutral

Fig. 6.5. Assessment of metal stability conditions through rainwater percolation onto sludges
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6.3.3.1 Metal stability onto kaolinite surface

The adsorption of metals onto surfaces of natural and modified clays was previously reviewed by
Liu and Zhang (2007) who suggested that the adsorption of trace metals on clay surfaces is mostly
controlled by both surface reaction and surface binding sites provided the appropriate geochemical
conditions are existing which allows for the ion exchange and complexation of metal cations with
the functional groups on the uncovered surface (Liu and Zhang (2007). In chapter 5 (here-in), Cu?*
and Co?* adsorption onto kaolinite surfaces was described and suggested that ion exchange and
inner sphere complexation are the dominant retention mechanisms despite their weak binding
strength compared to their contemporaneous HFO surfaces. The binding strength of kaolinite
surfaces in sludge were assessed by surface complexation modeling and results are shown in
Figure 6.6. According to the modeling predictions, pH > 5.5 is sufficient to retain Cu®* and Co?*
ions on surfaces of kaolinite. It is therefore evident that labile fractions will begin to desorb from
kaolinite as pH decreases below pH 5.5. As earlier indicated in Fig. 6.5 that pH 5.2 was once
recorded in rainwater during the wet season (March 2018) suggesting that this low pH had some
potential to cause desorption of Cu?* and Co?* from sludge. This result is consistent with results of
sequential extraction (See Chapter 4) indicating that the high metal desorption does occur

associated with exchangeable and acid soluble fraction.
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Fig. 6.6. Optimal pH of Cu?* and Co?* ion stability onto kaolinite surfaces

6.3.3.2 Metal stability onto HFO surface

Most previous studies have centred on metal adsorption and coprecipitation onto solid phases such
HFO surfaces that are perceived to have enhanced metal retention ability as revealed by the
behaviour of the adsorption edge through an observable shift to lower pH conditions (Crawford et
al., 1993). During this adsorption process, the contaminants are not incorporated into the internal
crystal structure of the solid surface, but rather remain adsorbed to the outer solid surface by
chemisorption, resulting from the coordination between the contaminant and the hydroxyl surface
or physisorption resulting from the electrostatic interactions, Van der Waals forces or dipole
interactions (Peters, R W., Shem, L., 1993). This enhancement is mainly as a result of the greater

binding to a single surface type or multiple surface site types due to an effective increase in surface
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area for adsorption (Crawford et al, 1993). However, a few studies available in public domain have
so far directly attempted to determine the pH conditions which affects the metal stability conditions

in solid phase materials particularly using a well-defined model surface.

At high Cu concentrations, weak binding sites of HFO outcompetes the strong binding sites at high
pH and the strong binding sites predominates only at low pH condition (See chapter 5). In addition,
at low concentrations of Co, the strong binding sites outcompete the weak binding sites for Co
over the low pH range. At high Co concentrations, the strong binding sites predominate only at
low pH. Because all the strong binding sites become filled at higher pH, most of the Co resides at

the more numerous weak binding sites at high pH and large Co concentrations (See chapter 5).

From our results of modeling simulations and predictions (Fig. 6.7), the ranges of pHs (i.e. pH >
5.1) for Cu and pH (i.e.., pH > 4.5) for Co are optimal to keep the metals stable from release by
rainwater percolation. The results of the simulation are consistent with the results of Dzombak and
Morel (1990) showing Cu and Co concentration to be more strongly adsorbed at high pH values
than at low pH values. Therefore, at pH < 5.1 of rainwater, Cu?* and Co?" ions are likely to desorb
from HFO surfaces, thereby posing an environmentally hazardous condition to the natural

ecosystem.
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Fig. 6.7. Optimal pH of Cu?* and Co?* ions stability onto HFO surface

6.3.4 Metal recovery from sludge through acid treatment

Currently, the sludges are treated with high concentrated sulphuric acid (pH 1 — 1.5) to recover
the adsorbed metals (Fig. 6.8). The major drawbacks of sludge treatment at concentrated low pH

condition is as follows.

o High amount of SO4? ions from H,SOa(q) are discharged together with sludge effluents into
drainages. Such SO4% ions tend to get involved in complexing and precipitation reactions

such as gypsum and hexahydrite (See chapter 4) which affect solubility of dissolved metals

and other substances.
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o High amount of lime dosage is required to increase the pH to neutral conditions which is

technically costly (quick lime) as far as mining operation costings is concerned.

However, based on our suggested results of sequential extraction (See chapter 4), weak or dilute
acid treatment at pH 3 is enough to recover the metals from sludge. The advantages of this

treatment is that:

o The concentrations of SO4% ions in both drainages and sludge will be low, thus less
complexation or precipitation of sulphate-rich salts (i.e., gypsum) that might impede the

reuse of sludge as a construction material

Current method of sludge handling and treatment

| —

| . Treatment plant Drainagg effluent Sludge storage ponds
pH 1.5 with H2SOs4 e —————
4 Ijramage
: dlscharg
{} Pump back sludge effluent from storage pond to treatment plant
\\

Our suggested ‘method of ¢ sludge handlmg and treatment

] ) - Treatment plant ﬁ |

pH 3 with H.SO, ess/lower costs of lime |

Dlscharge pH 7 I
effluents !

Recover metals

Fig. 6.8. Metal recovery from sludge through acid treatment
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6.3.5 Heap and/or dump leaching

Heap leaching is a hydrometallurgical process whereby ore is stacked onto an impermeable base
and ‘irrigated’ with a process solution that liberates the product from the ore and mobilises it into
solution (Reichardt, 2008). It involves reprocessing of low-grade ores or mine waste for residual
metals. A simplistic heap leach method is illustrated in Fig. 6.8. The lixiviating solution is irrigated
on top of the metal-laden sludge and the discharged solution is collected at pregnant solution pond.
This pond typically has several backup solution or storm ponds to handle temporary solution
surges from weather events. The heap leach process is designed to contain all solutions from the

environment and recover the dissolved metal or mineral values.

The advantages of the application of heap leaching to the currently studied solid waste materials

are based on the following factors (refer to chapter 4):

o The absence in expansive clays that might significantly cause pore occlusions

o Easy agglomeration (i.e., sand (>53um) + clay particles (<2um)) to facilitate the leaching

process

o Labile fractions dominating metal partitioning that easily desorb metals based sequential

extraction results

o Availability of sulphuric acid (H2SO4) produced from smelter, thus low costs involved in

the leaching process
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Operational advantages of heap leaching at studied site

o High metals prices have prompted mining companies to consider treating previously
uneconomic ore (i.e., metal-laden wastes such as sludges or tailings). From our results of
sequential extraction the sludges contain Cu concentrations ranging between 0.5 — 2% and
Co concentrations ranging between 0.02 — 0.07%. These metal concentrations economically
feasibility at high metal prices

o Greater volumes of disposed waste material such as low-grade ore, metal-laden sludges or
tailings can be reprocessed, thus minimizing unwarranted usage of productive land spaces.

o Heap leaching can result in more efficient reagent usage, as the process chemicals are retained
within a closed circuit and recirculated for reuse (thus reducing the requirement for reagent

‘top up’ to maintain the leach solution at effective process concentrations) (Reichardt, 2008)

o
The deap Leach R2covery Process

’ \

Acid

\chirculation

Collection
Basin

Processing
Plant

Fig. 6.8. Heap leaching methods. Courtesy of http://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1350/
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6.4 Chapter 6-Summary
The study indicated that recycling and reuse are among the most efficient measures that can be

taken to reduce the environmental impact of the mining generated wastes.

o The first option was by simple adsorption process treatment rather than installing expensive
treatment systems that combine and increase the volume of the waste. The second option was
metal recovery from waste through heap/dump leaching. These methods have potential of
been of zero-discharge when successfully implemented. In practice this technology and its
application go by many other names such as clean technology, waste minimization, pollution
prevention, waste recycling, resource utilization, residue utilization, etc.

o Water reuse allows communities to become less dependent on groundwater and surface water
sources and can decrease the diversion of water from sensitive ecosystems. Additionally,
water reuse may reduce the nutrient loads from wastewater discharges into waterways, thereby
reducing and preventing pollution. This ‘new’ water source may also be used to replenish

overdrawn water sources and rejuvenate or reestablish those previously destroyed
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Chapter 7: Conclusion, relevance and recommendations

7.1 Conclusions
This study discussed the geochemical behavior of heavy metals in sludge effluents on the Zambian

Copperbelt. The major findings of the present study are summarized as follows:

Sludge effluent treatment with lime decreased the dissolved trace metals and influenced the
precipitations of secondary minerals such as HFO. HFO exists as a coating on surfaces of
component minerals such as micas (i.e. biotite and muscovite), kaolinite and quartz. The oxidations
of Fe* to Fe*" ions from biotite weathering and dissolution are the ultimate source of HFO

precipitates.

Trace metal distribution and partitioning are concentrated in the exchangeable, acid-soluble and
reducible fraction. The host mineral in the exchangeable and acid-soluble fraction is kaolinite
whereas in reducible is HFO. In the absence of carbonates, this study has revealed that kaolinite
show potential to host the metals associated with the acid-soluble fraction through batch
experimental results. Cu and Co are partitioned mostly in the exchangeable and acid-soluble
fraction that are commonly labile due to the loose or weak binding to kaolinite and HFO sites
through adsorption mechanisms. Model predicted that Cu shows preferential and selective
adsorption behavior onto the adsorption sites more than Co and because of metal competition for

limited adsorption sites, most Co is relatively mobile into the environment.

Sludge treatment with lime is efficient in decreasing the trace metal concentrations at optimal pH
7.5. This optimal pH of treatment was derived from the observed maximum adsorption of metals
in a binary system. At this pH condition, metals are stable and below the maximum contamination

levels. The adsorbed metals are, however, easily leachable and recoverable after treatment with
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acid at pH < 3. The resultant sludge can become a potential aggregate in the field of engineering

after further treatment and purification.

7.2 Relevance to the scientific body of knowledge
The outcomes of this project have generated some important basic knowledge that have or will be
useful in environmental remediation, specifically dealing with mechanism of heavy metal

adsorption/desorption on mineral surfaces of sludges.

This research has revealed that metal partitioning is largely dominated by labile fractions bound
by kaolinite and HFO through adsorption process as the main retention mechanism of the metals
in sludge at solid-liquid interface. The metal binding onto kaolinite and HFO occurs at different
sites (i.e. basal surface and edge surface sites). Heavy metals held on basal surfaces were
exchangeable with other cations and at edge sites were weakly and/or loosely bound onto kaolinite
and HFO sites. Following the metal binding behaviour envisaged with kaolinite and HFO surfaces,
it means that slight changes in the geochemical conditions such as low pH increases the mobility
of the metals. Thus, knowledge revealed by this study provides insights in to predicting the fate
and transport of some heavy metals in sludge and its significance in designing technologies for

cost effective remediation mechanism.

Wastewater treatment optimisation has been found to largely be influenced by the adsorption
process. The study established that treatment of sludge effluents containing Cu and Co metals can
efficiently be treated at optimal pH 7.5. At this pH condition, both metals are stable from release
onto solid surfaces of the adsorbed minerals. The advantages of this optimal pH of treatment is
that it generates relatively low voluminous gelatinous sludge as a result of low lime dosage, thereby
reducing the operation costs and preserving land spaces that could have been taken up by sludge

volumes.
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Adsorption is reportedly a fast process that can occur within minutes, and the adsorbed metals tend
to be loosely bound onto surfaces of the adsorbents. This condition is good in terms of metal
recovery processes during the material leaching process. The removal of the adsorbed metals
involves the use of less concentrated lixiviate solutions such as dilute sulphuric acid and acetate.
This new knowledge has so far shown to nullify the use of some of the more costly and ineffective

technologies currently employed.

7.3 Recommendations for future research

Technology and innovation: The current un-mechanised type of sludge effluent treatment onsite is
highly inefficient and lacks optimisation. It is recommended that a well-designed circuit of
effluent treatment be considered in the future undertaking that will allow less amount of lime
treatment dosage and at the time allow enough resident time during treatment to yield meaningful

results.

Results of SCM revealed that there exists competition for adsorption sites between Cu and Co
metals in sludge effluents, and that Co inability to effectively compete with Cu renders it highly
mobile into the environment. It is therefore recommended that when designing the effluents
treatment between the metals, the effects of metal competition in multi-element wastewater be

given strict considerations.
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