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Abstract: In this study five 200 mL acid mine drainage (AMD) samples were treated with 5g clay (bentonite) alone 

or mixed with 0.1 M Al3+ in AlCl3 and 0.1 M Mg 2+ in Mg(OH)2 polymer. The AMD samples were poured into five 

500 mL glass beakers and dosed with 5 g/L of clay in a jar test, (250 rpm for 2 minutes and reduced to 100 rpm for 

10 minutes) and the samples were allowed to settle for 1 hour after which the pH, conductivity, turbidity, dissolved 

oxygen (DO) and oxidation reduction potential (ORP) were measured. In the next step, 200 mL of the supernatant 

was poured into five 500 mL glass beakers and dosed with a af-PACl (acid-free polyaluminiumchloride) polymer of 

0.1 M Al3+ in AlCl3, mixed with 0.1 M Mg2+ in Mg(OH)2, and treated in a similar manner in a jar test, settled for 1 

hour, after which similar measurements were conducted, depicted as experiment (A). Another similar set of 

experiments was conducted, where the AMD sample was dosed with a polymer of 5 g of clay, 0.1 M Al3+ in AlCl3 

and 0.1 M Mg(OH)2 in a jar test. Similar measurements were conducted after 1 hour of settling, depicted as 

experiment (B). The results showed that the addition of the clay to the AMD sample as a reagent (A) or a polymeric 

component (B) does not affect the turbidity removal, but the rate of hydrolysis (pH changing pattern) and ORP are 

affected. The experimental results showed that there is a correlation between the ORP and the pH, and also showed 

that oxidation takes place during the destabilization-hydrolysis process. The results also showed that the 

conductivity plays a role during the destabilization-hydrolysis process, i.e. correlation between changing rate of the 

conductivity and the turbidity.  
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1.0 Introduction 

Conventional wastewater treatment using inorganic 

coagulants is a common practice because aluminium, 

one of the reagents utilized in the process is in 

abundance and has also exhibited desirable 

effectiveness in the wastewater treatment. On the 

other hand, the use of polymeric flocculants over 

inorganic polyelectrolytes, such as poly-aluminium 

complexes, gives significant advantages when the 

water has a high concentration of suspended solids; 

the concentration of the polymeric flocculent is 

lower, the resulting sludge is more compact and there 

is less coagulant left in the water after treatment 

(Stoll, 2013). However polymeric flocculants are not 

always used in a rational way for optimal flocculation 

due to the natural fluctuations and heterogeneity of 

the water composition (e.g., pH, ionic composition), 

suspended particle concentration and corresponding 

physicochemical properties (e.g., sizes, shapes, 

surface charges). The main objective in the present 

study is to investigate the impact of the polymer 

which contains clay and Mg(OH)2 with FeCl3 on the 

destabilization-hydrolysis process for an AMD 

sample. An improved understanding of the 

interaction mechanisms between flocculants and the 

suspended material is also often necessary. Since 

most of the flocculation mechanisms are mainly 

driven by electrostatic interactions, the polymer and 

aggregate electrostatic charges are key parameters to 

take into consideration. Although the utilization of 

aluminium in wastewater treatment has been 

associated with health problems in potable water 

supplies, the United Kingdom promulgated 

concentration limits in 1989 to alleviate any 

inevitable health hazards. The most appropriate 

utilization of aluminium salt, AlCl3 is in the treatment 

of AMD, a health and environmental hazardous 

wastewater which is generated mainly from gold and 
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coal mining and cleaning (Gupta, 2007, Huang et al., 

2008, Hower et al., 2008, Cravotta et al., 2008, Silva 

et al., 2009a, Galatto et al., 2009 and Silva et al., 

2010a). The application in the treatment of AMD is 

because its effluent is not for potable supplies, but 

moreover that theAlCl3 is mixed with Mg(OH)2 to 

form an af-PACl polymer. It is imperative to employ 

an economically viable technique in the treatment of 

AMD because of its voluminous capacity. The AMD 

is derived from the oxidation of pyrite by oxygen in 

aqueous medium as shown by Eq. 1:

 

2 FeS2 + 7 O2 + 2 H2O → 2 Fe2+ + 4 SO4
2- + 4 H+      (1) 

 

Druschel (2003) stated that the pyrite can further be oxidized by Fe3+, a ferric ion which is formed by oxidation of 

Fe2+, as represented by Eq. 2: 

 

FeS2 + 7 Fe3+ + 13 H2O → 8 Fe2+ + 0.5 S4O6
2- + 6 H+    (2) 

 

According to Eqs. 1 and 2, it is envisaged that there is 

a high volume of AMD generated as oxidation of 

FeS2 occurs in two reactions. Notwithstanding, the 

chemical reactions (Eqs. 1 and 2), which results in 

the production of AMD, bacterial oxidation is also 

inevitable, and occurs at pH values of less than 3.5. 

 

AMD contains different minerals and also has a high 

ionic movement, which results in a highly reactive 

tendency (Skalny et al., 2001, Niesel et al., 2005, 

Edwards et al., 2007, Niesel et al., 2008, Niesel et al., 

2008, Firer, 2008 and Sinha et al., 2013). A lot of 

research has been conducted on AMD and covers a 

diversified technological approach such as 

distillation, reverse osmosis, carbon nanotubes, 

Fenton’s reagent, wet oxidation, advanced oxidation 

and coagulation-electro oxidation. These techniques 

are complex, incur high costs and do not cover a wide 

range of the wastewater poor quality. Apart from new 

technologies, lime-, dolomite-neutralization, iron 

oxidation, gypsum crystallization and activated 

carbon are common treatment techniques (Feng et 

al.,2000, Geldenhuys et al., 2001, Maree et al., 2004, 

Naicker et al., 2003, Semerjian et al., 2003, Chang et 

al., 2004, Watten et al., 2005, Akcil et al., 2006, 

Kurniawan et al., 2006, Sabah et al., 2006, Herrera et 

al., 2007, Petrik et al., 2003, Meghzili, 2008, Burgess 

et al., 2009 and Sibrell et al., 2009). There are more 

complicated technologies such as co-treatment of 

AMD solution with municipality wastewater using 

activated sludge (Bratby, 2006 and Santos et al., 

2010). Sewage effluent with relatively high 

concentrations of suspended solids may enhance iron 

oxyhydroxide precipitation by encouraging iron, 

which is often present in high concentrations in 

AMD, to form flocs (Johnson et al., 2006, Neto et al., 

2010 and Winfrey et al., 2010). Phosphate which is 

present in high concentrations in sewage effluent, can 

be sorbed onto the iron oxyhydroxide precipitates 

(Sibrell et al., 2009; Wei et al., 2009 and Wei et al., 

2010), or react with aluminium to form hydroxyl-

phosphates (Johnson et al., 2006a and Johnson et al., 

2006b). Some other researchers such as Metcalf et 

al., (2003), Amuda et al. (2006) and Bolto et al. 

(2007) Molony, (2005), Amuda et al. (2006) and 

Ghaly et al. (2006) employed their technologies in 

wastewater clean-up, an approach which is also 

applicable to AMD.  

 

Lime neutralization is popular and employed in AMD 

treatment, but the disadvantage is that it cannot 

remove certain minerals such as arsenic and 

molybdenum. Their removal requires co-precipitation 

using metal salts such as iron as Fe3+, (Aube et al., 

2003). Scaling poses another problem occurring 

during lime neutralization of AMD where the pH is 

elevated to precipitate certain metals. Controlling the 

pH to a typical value of 9.5 allows metals such as 

iron (Fe) and zinc (Zn) to precipitate. Other metals 

such as nickel (Ni) and cadmium (Cd) require a 

higher pH (in a range of 10.5 to 11.0) to effectively 

precipitate as hydroxides (Aube et al., 2003). Lime 

dosing can be extended to higher density sludge 

(HDS) processing. The precipitates are formed onto 

existing particles which are recycled within the 

process to create larger and denser particles that can 

settle and compress better than the typical 

precipitates (Aube et al., 2003). 

 

The physico-chemical properties of the wastewater 

play a pivotal role during wastewater (AMD) 

treatment, as they interact amongst themselves to 

transform the metals/compounds to another phase and 

the reaction efficiency of reagents which are dosed to 

wastewater treatment (coagulation-flocculation 

process) determines the quality of the treated effluent. 

Coagulation-flocculation is a process which leads to 

nucleation, crystal growth and aggregation of the 

destabilised suspended particles in the solution 

(Kemmer, 1988, Sincero et al., 2003, Sharp et al., 

2006 and Fabris et al., 2008)). It is also suggested 

that the effectiveness of the three processes 

determines the settling of the turbid material, 

resulting in optimal adsorption. The hypothesis 

adopted in this study states that the effectiveness of 

wastewater treatment is more associated with the rate 

of the destabilization, hydrolysis, collision, velocity 

gradient, settling velocity and nucleation, a concept 

http://www.ijsciences.com/
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which is corroborated by the study conducted by 

Ntwampe et al., (2015), on AMD using synthetic 

acid-free inorganic polymers. Mixing, a process 

which induces the destabilization, hydrolysis and 

collision (during and after stirring), also plays a 

pivotal role during wastewater treatment (Freeze et 

al., 2001, Goldberg et al., 2002, Aysegul et al., 2002, 

Duan et al., 2003, Swartz et al., 2004, Aboulhassan et 

al., 2006 and Syed et al., 2012). 

 

A choice of an effective coagulant/flocculent is very 

significant as it has to destabilize the colloidal 

suspension. Destabilization is a process where a 

stable colloidal suspension occurs, which is caused 

by the equilibrium state between van der Waals 

forces of attraction and electrostatic forces of 

repulsion. The ionic charges from these forces form 

two layers namely, diffuse double and stern layers 

which form electrical double layer (EDL). An EDL 

(Fig. 1), plays a pivotal role during destabilization-

hydrolysis during the coagulation process (Cheng, 

2002, Sincero et al., 2003, Eikebrokk, 2007 and 

Widerska-Broz et al., 2009). The reactivity of the 

coagulant is determined by its strength to compress 

the EDL. Helmholtz (1879) discovered the EDL and 

stated that it is formed by a layer of positive ions 

which surrounds the central negative ions and the 

mixture of positive and negative ions bound together 

by coulomb forces in a diffuse layer (Lee, 2001, Pratt 

et al., 2007, Haselberg, 2009, Kosmulski, 2004, 

Cosgrove, 2005, Crittenden et al., 2005, Ananikov et 

al., 2005, Bratby, 2006 and Scholtz, 2010). These 

layers contain counter ions which keep the colloidal 

suspension in a same state indefinitely (Duan et al., 

2002 and Binnie et al., 2003 and Fig. 1). The 

electrostatic potential in the shear plane (i.e. potential 

that exists between the bulk liquid and an envelope of 

water that moves with the particle) is expressed by 

Eq. 3. 

 

Zn = 
4𝜋𝑞𝑑

𝐷
  (3) 

 

q = charge on the particle, d = thickness of the layer 

surrounding the shear plane and D = dielectric 

constant of liquid. 

 

The force field of like charges in an aqueous solution 

(Fig. 1) come closer and the two forces, namely the 

electrostatic (repulsive) or van der Waals (attractive) 

force acts on them. In the case of the electrostatic 

force, the repulsive force created by the diffused 

counter ion atmosphere surrounding each colloid, 

decreases roughly exponentially with increasing 

distance between particles. 

The electron matrix and arrangement of the ions 

around an aqua-colloid (determinants of the rate of 

the destabilization-hydrolysis) determine the stability 

of the colloidal suspension, electrical double layer 

and the size of the aqua-colloids. A double layer is 

formed by the diffuse layer which is concentrated 

with the positive and negative charges, and the layer 

of positive charges around the central colloid. A stern 

layer separates the diffuse layer and those positive 

charges around the central colloid, which is 

surrounded by the negative charges (Field et al., 

1988). The double layer is the part of the aqua-colloid 

which determines the rate of the destabilization of the 

colloidal suspension for the induction of well-

developed flocs. According to the Gouy-Chapman 

model, the potential distribution is a flat double layer 

as described by Eq. 4:  

 

 
𝑑⌃2𝜓

𝑑𝑥⌃2
 = -

𝜌

𝜀
  (4) 

 

𝜓 = potential at a point in the diffuse layer versus 

infinity at the bulk solution, x = charge density at the 

same point, ρ = density and ԑ = permittivity. In Eq. 4 

the charge density at the potential ȥ is described by 

Eq. 5.  

The number of positive and negative ions in the 

diffuse layer is distributed according to the Maxwell-

Boltzmann distribution (Eq. 6 for cations and Eq. 7 

for anions): 

 

 ρ – ze (n+ – n-)   (5) 

 

 n+ –n- *exp (
𝑧𝑒𝜓

𝑘𝑇
 )   (6) 

 

 n+ –n- *exp (−
𝑧𝑒𝜓

𝑘𝑇
 )  (7) 

 

n+ and n- = are respective numbers of positive and 

negative ions per unit volume at the point where 

potential is ψ, n0 = the concentration of ions at the 

infinity (bulk solution), z = the valence of the ions, e 

= the charge of electron, k = Boltzmann’s constant 

and T = temperature.  

 

The potential of the particle surface versus the bulk 

solution is called the Nernst potential (ψ0). The outer 

Helmholtz plane (OHP) is found between the inner 

layer and the outer layer, which has potential of the 

particle surface versus bulk solution. However, this 

potential cannot be directly measured and therefore a 

common parameter, which depicts the surface charge 

of the colloid, is surface-potential ψζ), which is the 

electrical potential between the plane of shear and the 

bulk solution. The diffuse part of the double layer is 

analogous to the plate condenser. Even though in 

reality the double layer extends to infinity, the 

Debye-Hückel length, K-1, is used to describe the 

thickness of the double layer Field et al., (1988), 

expressed by Eq. 8.  
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 K-1 = 
0.0304

√I
   (8) 

 

K-1 = Debye-Hückel length (nm) and I = ionic 

strength (mol/L) 

 

In the present study, an acid-free polymer of AlCl3 

and Mg(OH)2 was prepared, which was also mixed 

with bentonite clay and dosed in each AMD sample. 

Unlike the costly commercial polymers (PFCl or 

PACl) which are prepared by partial hydrolysis of 

acidic aluminium chloride or ferric chloride solution 

in a special reactor, the polymers utilized in this study 

(clay, AlCl3 and Mg(OH)2) are easy to prepare and 

affordable as they are prepared by directly mixing the 

reagents and are then ready for use. 

 

Kleijn et al., 1982 suggested that materials such as 

clays, which are capable of swelling in aqueous 

media, form a gel layer on the surface that is 

conductive but electrokinetically inactive. Other 

theories have suggested mobility of ions in the Stern 

layer (Urban et al., 1935) and conduction by 

ionisable surface hydroxyl groups (Holmes et al., 

1965). These theories may be valuable in explaining 

the removal of impurities from the AMD, which is 

based on differences in the surface properties of the 

colloidal suspension because the phenomenon of this 

nature depends on the development of the potential 

difference between the solution and the reagents 

(coagulants/flocculants) when the two phases are in 

contact. There are several ways to generate this effect 

in aqueous systems due to the counterionic charge 

effect. The dipolar property of water molecules (Hδ+-

OHδ-), which is caused by the angle of 1070C 

between the proton and the hydroxyl ions (Weber, 

1972), may be oriented at the interface, thus creating 

a potential difference (Parra-Barraza et al., 2003, 

Darekh et al., 2004 and Doymus, 2007). Ions or 

excess electrons in one or both phases give rise to a 

non-uniform distribution of electric charges at the 

interface between the phases. Furthermore, in the 

development of a surface charge that exists on the 

solid surface, whether by ion adsorption from the 

liquid phase on the particle or ionization of groups, 

the surface acquires a potential with respect to the 

solution.  

 

Apart from commonly employed parameters in AMD 

treatment such as the pH, conductivity and turbidity, 

the effect of the dissolved oxygen (DO) and oxidation 

reduction potential (ORP) are investigated in the 

present study. The DO has been used as a controlling 

and/or monitoring parameter for many other different 

treatment systems such as high sulphate wastewater 

treatment systems (Khanal et al., 2003 and Khanal et 

al., 2006), activated sludge systems (Li et al., 2004) 

and nutrient removal systems (Kishida et al. 2003; 

Akın et al., 2005). Although the ORP has not been 

employed in AMD treatment, Khanal et al., (2003) 

investigated its effect in controlling sulphide, since 

high sulphide concentrations can often lead to poor 

performance and eventual process failure of an 

anaerobic treatment system. They found that when 

oxygen was added to raise the ORP from -230 to -180 

mv, the dissolved sulphides were reduced to 

undetectable levels at all influent sulphate 

concentrations (Khanal et al., 2003). 

 

2.0 MATERIALS AND METHODS 

 

In this study, coagulation-flocculation treatment has 

been applied to an AMD sample using 5 g clay 

(bentonite), 20, 30, 40, 50 and 60 mL of 0.10 M Al3+ 

in AlCl3 and 0.10 M Mg2+ in Mg(OH)2 dosages 

respectively. The pH, conductivity, turbidity, zeta 

potential and dissolved oxygen (DO) of the samples 

were measured before and 1 hour after treatment. A 

one litre AMD sample was poured into a litre glass 

beaker, 5.0 g of clay added to the sample and mixed 

in a flocculator at 250 rpm for 2 minutes and reduced 

to 100 rpm for 10 minutes. The sample was allowed 

to settle for 1 hour after which 200 mL of the 

supernatant was poured into five 500 mL glass 

beakers. Dosages of 20, 30, 40, 50 and 60 mL af-

PACl synthetic polymer were added to the samples 

using 100 mL plastic syringes respectively. The 

samples settled for 1 hour, and then the pH, 

conductivity, turbidity, zeta potential and DO were 

measured. A similar set of experiments was 

conducted using a synthetic polymer made of a 

mixture of 5.0 g clay, 0.10 M Al3+ in AlCl3 and 0.10 

M Mg2+ in Mg(OH)2. Similar measurements were 

conducted before and after 1 hour settling from a jar 

test.  

 

2.1 AMD sampling 

 

The samples were collected from the Western Decant 

in Krugersdorp in a 25 litres plastic drum.  

The sample was air-tied and stored at room 

temperature. The pH, conductivity, turbidity, ORP 

and DO of the AMD sample before mixing were 

2.08, 4.94 mS/cm, 105 NTU, 234 mV and 4.5 mg/L 

respectively. 

 

2.2 Coagulants 

 

Inorganic coagulants of 0.10 M of Al 3+and Mg2+ ions 

(a concentration obtained from the literature) were 

dosed for coagulation-flocculation of the AMD. 

 

The calculation of the mass of metal salt to obtain 

0.10 M of Mn+ (Mn+ = Al or Mg) was as follows: 

Monoprotic metal salts (MCl3)

http://www.ijsciences.com/
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 0.10 M of M3+ x mass of M*Cl36H2O   (M*= Al)   (9) 

 

 0.10 M of Mg2+ x mass of M*(OH)2    (M = Mg)   (10) 

 

Table 1 shows the monoprotic metal salts dosed into the AMD samples. 

 

Table 1 here 

 

2.3 Procedure in jar tests. 
 

The equipment used for the jar tests was a BIBBY 

Stuart Scientific Flocculator (SW1 model), which has 

six adjustable paddles with rotating speeds between 

0–350 rpm. A 200 mL sample of AMD containing 

6.3 g of solid particles was poured into each of the 

five 500 mL glass beakers for the test. Rapid mixing 

was set at 250 rpm for 2 minutes, followed by slow 

mixing at 100 rpm for 10 minutes, a normal standard 

recommended in a jar test.  

 

3.0 Experiments 

 

3.1 Experiment (A): Jar test with clay and af-

PACl polymer dosed separately 

 

The pH, conductivity, turbidity, zeta potential and 

DO of the sample were measured. Five 500 mL glass 

beakers were filled with 200 mL samples of AMD 

with parameters mentioned under sub-section 2.1. A 

1.2 L of AMD sample was dosed with 5 g pulverized 

clay and treated in a jar test at 250 rpm for 2 minutes 

and reduced to 100 rpm for 10 minutes. The sample 

was allowed to settle for 1 hour after which 200 mL 

of the supernatant was poured into five 500 mL glass 

beakers. The samples were dosed with 20, 30, 40, 50 

and 60 mL of 0.10 M af-PACl synthetic polymer of 

Mg(OH)2. The samples were allowed to settle for 1 

hour, after which the measurements were conducted. 

 

3.2 Experiment (B): Jar test with a polymer of 

clay and af-PACl polymer dosage 

 

A similar set of experiments, where 5 g of clay was 

mixed with 0.10 M Al3+ in AlCl3 and 0.10 M of Mg2+ 

in Mg(OH)2 to produce a synthetic polymer, was 

used. A 200 mL of AMD sample was poured into 

five 500 mL glass beakers, treated in a jar test at 250 

rpm for 2 minutes and reduced to 100 rpm for 10 

minutes. The samples settled for 1 hour after which 

similar measurements were conducted. 

 

3.3 Performance evaluation 

 

The pH was used as a determinant to assess the rate 

of hydrolysis and hydrolytic potential of the 

coagulants (Al3+ and Mg2+ salts) at different mixing 

duration, whereas the concentration and turbidity 

were measured to determine the ionic potential and 

removal of colloidal particles from the samples 

respectively. 

 

3.3.1 pH measurement 

 

A SensoDirect Multimeter (made in South Africa) 

pH/ORP/DO/CD/TDS meter with an electrode filled 

with silver chloride solution and the outer glass 

casing with a small membrane covering at the tip was 

used. The equipment was calibrated with standard 

solutions with pH of 4.0 and 7.0 before use. 

 

3.3.2 Conductivity 

 

A similar Multimeter instrument as described in sub-

section 3.3.1 was used. The CD probe was connected 

and the measurement was selected using the 

appropriate button, and the CD reading was 

displayed. 

 

3.3.3 Dissolved oxygen 

 

A similar Multimeter instrument as described in sub-

section 3.3.1 was used. The DO probe was connected 

and the measurement was selected using the 

appropriate button, and the DO reading was 

displayed. 

 

3.3.4 Oxidation reduction potential 

 

A similar Multimeter instrument as mentioned in sub-

section 3.3.1 was used. The ORP probe was 

connected and the measurement was selected using 

the appropriate button, and the ORP reading was 

displayed. 

 

3.3.6 Turbidity measurement 

 

A Merck Turbiquant 3000T Turbidimeter (made in 

Japan) was used to determine turbidity or the 

suspended particles in the supernatant, using NTU as 

a unit of measure. It was calibrated with 0.10, 10, 

100, 1000 and 10000 NTU standard solutions. 

 

4.0 RESULTS 

 

http://www.ijsciences.com/


 

 

 

Turbidity Removal Efficiency of Clay and a Synthetic af-PACl Polymer of Magnesium Hydroxide in AMD 

Treatment 

 

 

http://www.ijSciences.com                           Volume 4 – September 2015 (09)  

93 

Fig. 1 shows the diagram of an aqueous colloid with 

ions in the double and stern layers. 

Fig. 1 here 

Figs. 2 and 3 represent the % E, DO and ORP in 

AMD sample dosed with 5 g/L clay, 0.1 M AlCl3 and 

0.1 M Mg(OH)2, when the clay dosage was conducted 

in a jar test and the supernatant was dosed with a 

polymer of AlCl3 and Mg(OH)2, whereas in the other 

set of experiments, the AMD sample was dosed with 

a polymer of the three reagents. 

 

Fig. 2 here 

 

Fig. 3 here 

 

Figs. 4 and 5 represent the pH, DO and ORP in the 

AMD sample of the two sets of experiments as 

conducted in the results shown in Figs. 2 and 3. 

 

Fig. 4 here 

 

Fig. 5 here 

 

Figs. 6 and 7 represent the ORP vs pH in AMD 

sample of the two sets of experiments as conducted in 

the results shown in Figs. 2 and 3. 

 

Fig. 6 here 

 

Fig. 7 here 

 

Figs. 8 and 9 represent the % E vs ORP in AMD 

sample of the two sets of experiments as conducted in 

the results shown in Figs. 2 and 3. 

 

Fig. 8 here 

 

Fig. 9 here 

 

Fig. 10 represents the SEM images of the AMD 

samples dosed with clay, AlCl3 and Mg(OH)2. 

 

Fig. 10 here 

 

Table 2 here 

 

4.0 DISCUSSION 

 

The main objective in this study is the investigation 

of the micro-and macro-chemical reactions which 

cause the destabilization-hydrolysis reaction. This 

will then make it easier to elucidate on the physico-

chemical interactions occurring during the 

coagulation-flocculation process, a precursor to 

nucleation, crystallization and sedimentation/settling; 

a chain reaction which is still unclear in wastewater 

treatment. The studies which have been conducted 

are mainly to investigate the best technologies and 

reagents (coagulants/flocculants/aids) to be employed 

in wastewater treatment, an approach not 

contemplated in this study. In this study the focus is 

on the physico-chemical strength mechanisms of the 

respective reagents (af-polymers) to effectively 

destabilize the double layer of the aqueous colloids, 

thereby weakening the repulsive forces and promote 

agglomeration. In a normal coagulation-flocculation 

process with coagulant/flocculent, (counter ionic to 

the charges of the colloids) the volume of the diffuse 

layer which maintains electro-neutrality is lowered, 

the thickness of the diffuse layer is reduced and the 

van der Waals force becomes predominant, causing 

the net force to become attractive. The effectiveness 

of the process determines the rate of agglomeration 

and adsorption (turbidity removal). 

 

The turbidity removal efficiency (Fig. 2) in the AMD 

sample in experiment (A) is relatively high, in a 

range of 97.2-99.8 %. This is a phenomenal turbidity 

removal but an explanation can still be derived from 

the slight difference obtained between the dosages 

(20-60 mL). The experimental results (Fig. 2) 

indicate that for the 30, 40 and 60 mL dosages, the 

best removal efficiencies were obtained. The ORP is 

reduced from 232 mV (untreated AMD) to values in 

the range of 145-193 mV (reduced to a range of 62.5-

83.1 %), and also showed a correlation with the 

turbidity removal efficiency. That is shown by the 

AMD samples with 30, 40 and 60 mL dosage, 

showing slightly higher removal efficiencies (Fig. 2). 

In general, the ORP values exhibit a constant 

changing trend with increasing dosage. The DO 

changed from 4.5 mg/L (untreated AMD) to a range 

of 4.0-7.1, the AMD samples with 20, 40 and 50 mL 

dosage showing values which are lower (reduction 

occurred and dropped to 0.41, 0.20 and 0.5 mg/L 

respectively) than for the untreated AMD sample. 

This indicates that some oxygen molecules have been 

consumed during the destabilization-hydrolysis 

process, the behaviour which was not shown by the 

AMD sample with 30 and 60 mL dosage (oxidation 

occurred and increased by 3.5 and 3.6 mg/L 

respectively). It is not easy to explain the oxidation 

mechanisms relating to the respective dosages as they 

are both on either side of the intermediate dosage of 

40 mg/L.  

 

The strength of the reagent can arbitrarily be 

explained by the ability to weaken the electrostatic 

forces of the aqua-colloid (Fig. 1) and allow the van 

der Waals forces of attraction to induce collision-

vibration between neighbouring aqua-colloids, a 

phenomenon which results in the agglomeration with 

the aid of the reagent (af-PACl). This occurs due to 

the screening effect of the electrostatic repulsive 

forces between the charged particles in solution and 

that promotes the rate of particle flocculation through 
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short-range van der Waals interactions. On the other 

hand, the screening effects reduce the electro-

attractive interactions between the charged 

flocculants and the oppositely charged particles, thus 

strongly affecting the flocculation rate and polymer 

efficiency (Fig. 1). The presence of the polymer is 

also expected to play a role on the flocculent 

conformations by promoting gel formation, flocculent 

folding and collapse, which leads to optimal 

agglomeration. This reaction occurs during the 

destabilization on the aqua-colloids, a determining 

process of the effectiveness of the turbidity removal 

(Ntwampe et al., 2015). The efficiency of the af-

PACl polymer exhibited by the experimental results 

in this study, can be explain by the hydrolysis of both 

metal ions (Al3+ and Mg2+) after being added to the 

AMD sample. Eqs. 3-7 show that the reactivity of the 

coagulant/flocculent is influenced by physico-

chemical properties, such as the charge on the 

particle, thickness of the layer surrounding the shear 

plane, dielectric constant of liquid, concentration and 

valence of the ions, charge of the electron and 

temperature. 

 

The type of colloids, hydrophilic or hydrophobic, 

plays a pivotal role during the destabilization-

hydrolysis-crystallization in wastewater treatment. 

The type of coagulant/flocculent is also essential and 

should be compatible to neutralize the electrostatic 

repulsive forces which keep the colloids apart. This 

has been confirmed by the work conducted by 

Libecki et al., (2008) where it was stated that the 

charge of molecules of colloids depends on the type 

and concentration of coagulating salt, as well as on 

the pH of the solution. Hydrophilic colloids have an 

affinity for water due to the existence of water 

soluble groups (e.g. amino, carboxyl, sulfonic, 

hydroxyl etc.) on the colloidal surface. These groups 

promote hydration and cause a water film to collect 

and surround the hydrophilic colloid, thus 

determining the rate of the destabilization-hydrolysis. 

Hydrophobic colloids have little affinity for water 

existence of water soluble detergents. They do not 

have any significant water film or water of hydration 

(e.g., clay, metal). Notwithstanding the fact that the 

empirical evidence of the reaction of AlCl3 with 

Mg(OH)2 remains unclear, it is suggested that the af-

PACl polymer becomes denser after it is added to the 

solution which contains salts. The reaction between 

the reagents after addition to a colloidal suspension is 

shown by Eq. 11:

 

 2 AlCl3 + 3 Mg(OH)2 ↔ 2 Al(OH)3(s) + 3 MgCl2(aq)    (11) 

 

 MgCl2(aq) + 2 H2O ↔ Mg(OH)2(s) + 2 HCl(aq)     (12) 

 

The Mg(OH)2(aq) (Eq. 11) is actually in the form of 

Mg2+
(aq) and OH-

(aq), where Mg2+ ions dissolve in the 

AMD solution and hydrolyse to form Mg(OH)2(s) 

precipitates (Eq. 12), which react with Al(OH)3(s) to 

form an acid-free polymer. These chemical reactions 

indicate that the af-PACl polymer of Mg(OH)2 

behaves partially as a coagulant due to the presence 

of the cationic Al3+ and Mg2+ ions. This is a very cost 

effective polymer, which doesn’t require a 

sophisticated production process that includes a 

special reactor and restricted operating conditions. As 

Eq. 11 showed that there is double hydrolysis taking 

place, the effective turbidity removal (Figs. 2 and 3) 

confirms that the destabilization-hydrolysis with an 

af-PACl polymer is attributed to both Al3+ and Mg2+ 

ions in a polymer. The turbidity results also predict 

that charge neutralization, enmeshment in a 

precipitate and adsorption and inter-particle bridging 

are the predominant reactions during destabilization.  

 

The turbidity results (Fig. 3) in AMD samples with a 

polymer of 5 g clay, 0.1 M FeCl3 and 0.1 Mg(OH)2 in 

experiment (B) showed a similar removal efficiency 

compared to the results shown in experiment (A), 

Fig. 2. It is only in the sample with 40 mL dosage 

that the turbidity removal is slightly lower (94.8 %), 

whereas it is in a range of 97.9-99.3 % in the other 

dosages. In view of the fact that the drop is so 

insignificant, it cannot be clearly elucidated because 

it occurred in a sample with intermediate dosage 

(between the lowest and the highest dosages). It has 

to be taken into account that the effectiveness of the 

polymer interaction in solution, or at the solid-liquid 

interface, depends on the nature of the polymer(s) 

and solid surface, solution chemistry, and the 

interaction, can profoundly change the charge 

properties of polymers and more vitally the 

conformation of polymers, both of which are 

ascertained to be main controlling factors in 

flocculation with polymeric flocculants. This has also 

been confirmed in the study by Somasundaran et al., 

(1989) using two polymers to treat an alumina 

suspension where the dual polymer is effective and 

can enhance flocculation at lower dosages. The 

presence of the clay content is an attribute to the 

effectiveness of the polymer (af-PACl). The 

advantage in the utilization of clays (bentonite) is that 

they mostly have a net charge on their surface 

(usually negative). This surface charge arises from 

isomorphous substitutions, lattice imperfections and 

the broken or unsatisfied bonds that arise from the 

large surface area that characterizes these clay 

minerals. These surface charges (coupled with the 

clay minerals’ large surface areas) allow the clay 
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minerals to adsorb ions (usually cations) to their 

surface (Figs. 2 and 3). This allows the clay minerals 

to act like a catalyst for many chemical reactions, and 

to exchange ions with their surroundings. The clay 

minerals also have the ability to adsorb the H+ 

(cationic exchange capacity) onto their surface, 

resulting in the neutralization of the charge (Lorenz, 

1969). 

 

The conductivity values obtained in the two set of 

experiments of the AMD sample in experiment (A), 

range between 4.55-5.44 mS/cm, and that in the 

sample in experiment (B), range between 4.91-5.79 

mS/cm and show a significant change (Figs. 4 and 5). 

The conductivity in the AMD samples of the former 

is lower than that in their corresponding AMD 

samples of the latter experiment. The conductivity in 

the samples dosed with 20 and 30 mL (4.55 and 4.84 

mS/cm respectively) of experiment (A) and the 20 

mL dosage (4.91 mS/cm) of experiment (B) is 

slightly less than that of the untreated AMD sample 

(4.94 mS/cm). This indicates that dissolved cations 

(Mg2+) and the conjugate base (Cl-) of the polymer 

reacted after dosing (destabilization-hydrolysis) as it 

has been stated previously that the Mg2+ hydrolysed 

and forms monomers, which bridged with Al(OH)3 to 

polymerize. On the contrary, the AMD samples with 

40-60 mL of experiment (A) and 30-60 mL dosage of 

experiment (B) are higher than that of untreated 

AMD sample. It is suggested that the high 

conductivity is caused by the Cl- ions with Mg2+ 

converted into monomers (hydrolysis), enhancing the 

turbidity removal (Figs. 2 and 3).  

 

The differential pH values between the untreated 

AMD sample (2.08) and the treated AMD sample of 

experiment (A) decreased with increasing dosage in a 

range of 2.86-3.79, whereas the pH in the AMD 

samples of experiment (B) increased in a range of 

2.54-3.68. The decreasing and increasing trends of 

the pH in experiments (A) and (B) respectively is 

attributed to the clay mineral, because it is the only 

reagent changing the dosing used [dosed alone as 

reagent-experiment (A), and dosed as a polymer with 

FeCl3 and Mg(OH)2-experiment (B)]. The inference 

to this is that the clay minerals have the ability to 

adsorb the (H+) ions in the solution, the chemistry of 

its adsorption potential behaved differently when 

added alone, compared to when added as a polymer 

(Lorenz, 1969). The chemical reactivity turned the 

pH to be inversely proportional to increasing dosage 

(experiment A) and directly proportional to 

increasing dosage (experiment B). The correlation 

between the pH changing patterns in experiments (A) 

and (B) confirms that the clay-FeCl3-Mg(OH)2 

reacted with the AMD sample in a form of a polymer, 

using “sweep flocculation” as a predominant 

adsorption mechanism as stated by Peavy (1985) and 

Zhang et al., (2006). Experiment (A) is in agreement 

with the finding by Ntwampe et al., (2013) that the 

rate of hydrolysis is determined by the decreasing 

trend of the pH in the solution. Experiment (B) 

revealed that the reactivity of the clay mineral can 

alter the correlation between the pH changing trend 

and the turbidity removal (Figs. 2 and 3). It is 

postulated that the clay mineral adsorbed more 

protons with increasing rate of hydrolysis, which 

occurs with increasing dosage (adsorption of protons 

is directly proportional to the concentration of 

dosage). This postulate applies when the clay 

minerals react with the AMD sample in a polymeric 

form. Although the clay affected the changing 

behaviour of the pH (experiments A and B), it didn’t 

interfere with the turbidity removal efficiency of the 

polymer (94.8-99.9 %). 

 

The ORP was reduced from 234 mV in the untreated 

AMD sample to a decreasing trend in a range of 193-

146 mV in the sample of experiment (A). The ORP 

values showed an insignificant decreasing trend with 

increasing dosage, showing a difference in a range of 

41-88 mV in comparison with the untreated AMD 

sample. The ORP values in the AMD samples of 

experiment (B) showed a slightly higher decreasing 

trend compared to those in their corresponding 

samples of experiment (A), in a range of 212-151 

mV. This indicates that the samples of experiment 

(B) have a higher capacity to either release or accept 

electrons from chemical reactions compared to 

experiment (A). The addition of the polymer reduced 

the capacity of the samples in both experiments (A) 

and (B) to either accept or release the electrons, 

which indicates that the oxidation reaction occurred 

during the chemical reactions. The relationship 

between the pH and the ORP is such that the more 

basic (release of OH-) of the samples, the less redox 

potential (releasing or accepting of electrons) the 

samples acquired. 

 

The DO showed an inconsistent changing trend from 

4.5 mg/L in the untreated AMD sample to a range of 

4.0-7.1 mg/L (experiment A), and 4.0-5.3 mg/L 

(experiment B). The samples with 20, 40 and 50 mL 

dosage (experiment A) yielded  similarly equal DO 

values (4.1, 4.3 and 4.0 mg/L respectively), whereas 

the samples with 30 and 60 mL dosage also yielded 

higher/equal values (7.0 and 7.1 mg/L) respectively, 

whereas the AMD samples with 20, 40, 50 and 60 

mL dosage (experiment B) showed slightly lower and 

similarly equal DO values (4.4, 4.5, 4.1 and 4.0 mg/L 

respectively), and only the sample with 30 mL 

yielded a slightly higher value (5.3 mg/L). This 

observation indicates that there is ingress or release 

of O2 during hydrolysis-nucleation-adsorption.  
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In Fig. 6 the correlation between the pH and ORP in 

AMD sample in experiment (A) is shown. The 

correlation coefficient of the two parameters is 99.8 

%. 

 

In Fig. 7  the correlation between the pH and ORP in 

AMD sample in experiment (B) is shown. The 

correlation coefficient of the two parameters is 99.8 

%. 

 

In Fig. 8 the correlation between the % E and ORP in 

AMD sample in experiment (A) is shown. The 

correlation coefficient of the two parameters is 87.0 

%. 

 

In Fig. 9 the correlation between the % E and ORP in 

AMD sample in experiment (B) is shown. The 

correlation coefficient of the two parameters is 73.7 

%. 

 

In Fig. 10 the SEM images of the AMD sludge of the 

sample in experiment (A) and the SEM images of the 

AMD sludge in experiment (B) at a magnification of 

2500x is shown. 

 

The SEM micrographs show flocculent branching 

which plays a key role since it is largely controlling 

the polymer interaction behaviour with the particles. 

It is suggested that the branching induces important 

differences in the floc structure, compactness, and 

fractal dimensions, which affect the sedimentation 

rates and floc strength. The potential impact of the 

solution ionic strength is due to the presence of 

dissolved ions of a multivalent electrolyte (Al3+ and 

Mg2+ salts) in the solution also plays a pivotal role. 

The SEM micrograph 10A is the AMD sludge in 

experiment (A) showing dense and small flocs 

located apart, dense on the left and small on the right, 

with very few cavities. The SEM micrograph 10B 

represents the AMD sludge in experiment (B), where 

there are dense flocs distributed throughout the slide 

with a limited number of cavities. The two 

micrographs show a sponge-cake like structure linked 

together, showing adsorption efficiency of more than 

85 %. The cavities showed that they are sealed as 

going downward, showing no or insignificant amount 

of turbid materials which can pass through the 

adsorbate. 

In Table 2 the comparison of the pH, conductivity, 

turbidity, DO and ORP in 5 g/L clay and the 

untreated AMD sample is shown. 

 

The Pearson correlation coefficient (r) is used to 

calculate the relation between pH and residual 

turbidity, using Eq. 13. 

 

r = 
𝑛(𝛴𝑥𝑦)−(𝛴𝑥)(𝛴𝑦)

√[𝑛𝛴𝑥2−(𝛴𝑥)2][𝑛𝛴𝑦2−(𝛴𝑦)2)]
  (13) 

 

According to the correlation coefficient, (0.70 or 

higher is very strong relationship), (0.40-0.69 is a 

strong relationship), and (0.30-0.39 is moderate 

relationship). The parameters obtained for the ORP 

and pH of the AMD sample in experiment (A) or the 

AMD sample in experiment (B), (Figs. 6 and 7) are: 

 

Σx exp(A) = 18.1, Σx2
exp(A) = 65.9, Σyexp(A) = 7.7, 

Σy2
exp(A) = 11.9 and Σxyexp(A) = 27.5 

 

Σxexp(B) = 16.2, Σx2
exp(B) = 53.9, Σyexp(B) = 8.33, 

Σy2
exp(B) = 14.1 and Σxyexp(B) = 26.6 

 

The r-value obtained for the AMD samples (Fig. 6) in 

experiment (A) is 0.884 (88.4 %) with the range of 

the correlation coefficient from -1 to 1. The 

correlation coefficient for the samples thus falls 

within a range of strong relationship. This is 

validated by the R2 of ORP vs pH of 0.9989 (99.9 %), 

as shown in Fig. 6. The r-value obtained for the AMD 

sample (Fig. 7) in experiment (B) is 991 (99.1 %) and 

thus also has a strong relationship. This is validated 

by the R2 of ORP vs pH of 0.9976 (99.8 %), as shown 

in Fig. 6. 

 

5.0 CONCLUSION 

 

The efficiency of the af-PACl polymer exhibited by 

the experimental results obtained in this study can be 

explained by the hydrolysis of both metal ions (Al3+ 

and Mg2+) after being added to the AMD sample. The 

results showed that the addition of the clay to the 

AMD sample as a reagent (A) or a polymeric 

component (B) does not affect the turbidity removal, 

but the rate of hydrolysis (pH changing pattern) and 

ORP. The experimental results showed that there is a 

correlation between the ORP and the pH, and also 

showed that oxidation takes place during the 

destabilization-hydrolysis process. The results also 

showed that the conductivity plays a role during the 

destabilization-hydrolysis process, (correlation 

between changing rate of the conductivity and the 

turbidity). The DO observation results of experiments 

(A) and (B) showed that there is an ingress or release 

of O2 during hydrolysis-nucleation-adsorption. 
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Figures 

 

Fig. 1: Double layer showing electrical charges (von 

Helmholtz et al., 1879).  

 

Fig. 2: % E, DO and ORP in the AMD sample with 

added clay, followed by the af-AlCl polymer of 

Mg(OH)2. 

 

Fig. 3: % E, DO and ORP in the AMD sample with 

clay and af-AlCl polymer of Mg(OH)2. 

 

Fig. 4: pH, ORP, DO and conductivity in the AMD 

sample with clay, then af-AlCl polymer of Mg(OH)2. 

 

Fig. 5: pH, ORP, DO and conductivity in the AMD 

sample with clay and af-AlCl polymer of Mg(OH)2. 

 

Fig. 6: ORP vs pH in the AMD sample with clay and 

AlCl3+Mg(OH)2 polymer. 

 

Fig. 7: ORP vs pH in the AMD sample with 

clay+AlCl3+Mg(OH)2 polymer. 

 

Fig. 8: % E vs ORP in the AMD sample with clay 

and AlCl3+Mg(OH)2 polymer. 

 

Fig. 9: % E vs ORP in the AMD sample with 

clay+AlCl3+Mg(OH)2 polymer. 

 

Fig. 10: SEM micrographs of the AMD sample with 

clay, AlCl3 and Mg(OH)2 dosages. 

 

Tables 

 

Table 1: Metal salts and metal hydroxide dosed into 

the AMD sample. 

 

Table 2: pH, conductivity, turbidity, DO and ORP in 

5 g/L clay and untreated AMD sample. 
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Fig. 2 
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Fig. 4 
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Fig. 8 
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Fig. 10 

 
Tables 

 

Table 1 

 

Salt Mass of salt (g) Conc (mol/L) M3+conc (M) 

AlCl3 10.1 0.043  0.043  

Mg(OH)2 2.49  0.043 0.043  

 

 

 

 

Table 2 

 

Sample pH   Conduct (mS/cm) Turbid (NTU) DO (mg/L) ORP (mg/L) 

Clay 2.15 2.66 13.6 5.8 230 

Raw AMD 2.08 4.94 105 4.5 234 
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