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ABSTRACT

Sets of experiments were conducted using 200 mL of synthetic acid mine drainage (AMD) into five 500 mL glass beakers, dosed
with varying quantities of bentonite clay, saw dust and CaMg.2(OH), respectively and as a flocculent (bentonite clay, saw dust
and CaMg.2(0OH),), mixed at 250 and 100 rpm for 2 and 10 mins respectively. The samples settled for 1 hour after which the pH,
conductivity, turbidity, dissolved oxygen, oxidation reduction potential and toxic metals were measured. The turbidity removal
of AMD samples treated with a flocculent (0-23 NTU) is lower compared to that of the samples treated with bentonite clay and
saw dust (27-32 NTU). Results show 100% removal of Ni, moderate percentage removal of Fe and slightly lower percentage of
Cu in treated AMD using a flocculent. Turbidity removal in treated AMD using a flocculent is higher compared to that of the
samples treated with bentonite clay, saw dust or CaMg.2(0OH),. Treated AMD using flocculent has low Ca, Mg, ClI- and SO7~
content (>84.8%). The SEM micrograph of the sludge of the sample with a combination of 1.5 bentonite clay, 1.5 g saw dust
and 20 mL 0.025 M CaMg.2(OH), dosage shows optimal sorption of turbid materials.
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HIGHLIGHTS

® Study utilises waste material.

® Treatment conducted without pH adjustment.
® Study removes total pollutants.

® Study utilises unprocessed reagents.

® Study utilises synthetic CaMg.2(0H)2 coagulant.

1. INTRODUCTION

Industrial expansion has been considered as one of the attributes to water pollution containing a variety of
pollutants (Prabhu & Prabhu 2018), AMD being one of the wastewaters with detrimental effects to the environ-
ment. AMD is a type of wastewater that has been identified as the main environmental challenge which prevails
in the mining industry particularly because of continuous decanting where conglomerate contains about 3%
pyrite (Naicker et al. 2003). AMD also contains toxic metals and radioactive particles depending on the geochem-
istry and concentration level (Pérez-Esteban et al. 2013; Humby 2014; Bortonea et al. 2015). It poses a serious
danger to the ecosystem due to toxic metal content. Its complex compounds; that is, toxic metals, total dissolved
and suspended (TSS and TDS), organic and inorganic matter, odour and colour producing substances are the
main attributes to problems associated with its treatment. Various technologies used include adsorption, precipi-
tation, bioremediation, distillation, reverse osmosis, carbon nanotubes, Fenton’s reagent, wet oxidation, and
advanced oxidation, coagulation-electro oxidation (McCurdy et al. 2004; Swartz et al. 2004; Ghaly et al. 2006;
Ntwampe et al. 2013; Skousen 2014; Chen et al. 2015; Liu et al. 2015; Mackie & Walsh 2015; Nel ef al.
2014; Ntwampe et al. 2015a, Ntwampe et al. 2016; Demers et al. 2017; Ntwampe et al. 2017; Neelaveni et al.
2019), some being effective in toxic metal removal (Wu et al. 2011). Different types of reagents (organic or inor-
ganic coagulants, metal hydroxides, biomass wastes, minerals, etc.) have been exploited to investigate a cost-
effective technology, but that still remains a challenge. Considering all effective technologies employable in
AMD treatment, adsorption has been identified as the most cost-effective method (Ntwampe 2013; Ntwampe
et al. 2015b). The present study investigates the removal of the toxic metals in the AMD sample particularly
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Fe, Cu, Ni and others that appear in a low concentration using a combination flocculent (combination of bento-
nite clay, sawdust and CaMg.2(OH),). Despite the fact that studies have been conducted using some of the
reagents employed in this study, the novelty is that they are dosed as unprocessed synthetic flocculent with
33% mass content to reduce both costs and detrimental effect apparent when dosed in pure form. Although
CaMg.2(OH), is a commercial reagent, it constitutes a small fraction and also plays a prominent role as it elevates
the pH of the solution, suppressing the solubility of the toxic metals, as shown by Equation (1).

CaMg.2(OH), + M < M(OH), + Ca®"and Mg** (M = toxic metal) (1)

In view of the fact that AMD consists of toxic metals, the role of the CaMg.2(OH), component in a flocculent is
to suppress solubility of toxic metals present in a sample. AMD can cause pollution to areas far from the mining
sites by overflowing during rainfall into the rivers and tributaries feeding the oceans with highly contaminated
feed water, causing perturbation to terrestrial or aquatic organisms (Kuyucak et al. 2006; Fischel et al., 2015),
hence it became imperative to operate under certain conditions relating to waste disposal (Lucier & Gareau
2016; Li & Ji 2017; Tepanosyan et al. 2017; DWA 2018).

Saw dust is another constituent of the flocculent investigated in this study. It is a waste that is produced from
industrial activities on woodwork, biomass. Woodwork contains economic constituents that include 40-55% cel-
lulose, 18-29% hemicelluloses and 16-35% lignin depending on plant species (Lai et al. 2014; Langan ef al. 2014;
Zhao et al. 2012). The percentage constituents show that approximately 190 and 150 million tons of hemicellu-
lose and lignin can be recovered from the biomass activities in the pulp and paper industries (Cesarino et al. 2012;
Huang et al. 2016). The collaboration of bio-refinery with the pulp and paper industry can expand and promote
bio-based economy and reduce the usage of substances which are attributed to climate change (Liu ef al. 2015).
Hemicellulose is mainly composed of xylan, which is an ideal source of pentose and hexose sugars (Li ef al. 2014;
Li et al. 2016). They can further be processed to produce furfural, alcohols, polymers and other chemicals. On the
other hand, lignin can also be utilized to produce phenols, carbon fibre, binders etc. or directly as a source of fuel
due to its relatively high heating value (27 MJ/kg) (Baktash ef al. 2015).

On the other hand, bentonite clay is an ideal adsorbent due to its plasticity and porous structure. It consists
predominantly of a variety of minerals, mainly feldspars, montmorillonite, smectite, siliceous rocks, and glassy
volcanic ash, depending on geological composition (Vermeulen 2012). Bentonite clay consists of different chemi-
cal compositions and a variety of minerals, such as montmorillonite, which contains the mineral group referred to
as smectite known for a high cation-exchange potential and high swelling characteristic. The smectite group pro-
vides the montmorillonite with a crystalline appearance, which also exists in two major groups, namely
dioctahedral and trioctahedral (Vermeulen 2012). The swelling property of the clay increases its surface area,
resulting in permeability and spongy characteristics. A high permeability of a main compound is a determinant
of a higher cation exchange capacity (CEC) associated with clay, explained as an ability of the compound (mon-
tmorillonite) to attract cations, a measurement of the net negative charge of the particles of the clay (Vermeulen
2012). Kaoline is another common mineral present in bentonite clay, and this contains a high concentration of Si
and Al, which can react with certain elements such as sodium to form products that melt at high temperature
(Kerr 1937). That also provides the main compound with a catalytic property, mainly during coal (containing
clay minerals) combustion.

The performance of wastewater treatment is determined by the destabilizing-hydrolysis potential of the
reagent(s), as was revealed by the study conducted by Ntwampe et al. (2013). Destabilization and hydrolysis
are two reactions which co-exist, with the former occurring on the colloidal suspension and the latter on the
coagulant(s); that is, metal ions of the salt (coagulant). It has also been stated that effective destabilization-
hydrolysis is influenced by the physico-chemical properties of a metal ion; that is, high valence and electronega-
tivity (Peavy ef al. 1985). In the context of this study, Mg>" has slightly inferior physico-chemical properties
compared to those with superior properties such as Fe>* and AI*' ions. The present study also investigated
the destabilizing-hydrolysis potential of CaMg.2(OH)s,.

The objective of the present study was to determine sorption capacity of a combination of bentonite clay, saw
dust and CaMg.2(OH), when added to the AMD sample to remove turbid materials, cations and toxic metals.
Another objective was to determine the effect of CaMg.2(OH), during destabilization-hydrolysis and suppression
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of solubility of toxic metals during AMD treatment without pH adjustment. A third objective was to compare
adsorption capacity between bentonite clay and saw dust in a mixture of synthetic CaMg.2(OH),.

2. MATERIALS AND METHODS

The AMD was synthesized by altering the concentration of toxic metals by adding 1.2 g of FeSO,4.7H20,
CuS0,4.5H,0 and NiSO,4.6H,O respectively. The quantities of toxic metal compounds were diluted using 1
litre of demineralized water to the mark in the laboratory at the University of Johannesburg in South Africa.
Elemental concentration of the mixture was measured using ICP-OES as shown in Table 1. The standard sol-
utions were kept in a refrigerator to keep them inactive. The removal efficiency of turbid materials from the
AMD was investigated by the addition of bentonite clay, saw dust and magnesium hydroxide, increasing one
reagent while keeping the other constant, and vice versa using a jar test. Another set of experiments includes
the dosage of a combination of bentonite clay, saw dust and CaMg.2(OH),.

Table 1 | Properties of the AMD sample

Parameter Exp. A Exp. B Exp. C
Temperature (°C) 21,5 23,5 249
pH 3,20 33 3,33
Conductivity (mS/cm) 5.76 5.79 5.78
ORP (mV) 212 201 203
Fe (ppm) 933 933 933
Cu (ppm) 345 345 345
Ni (ppm) 312 312 312
Co (ppm) 11.4 11.4 11.4
Se (ppm) 9.72 9.72 9.72
Zn (ppm) 8.22 8.22 8.22
Pb (ppm) 7.86 7.86 7.86
Ca (ppm) 193 193 193
Mg (ppm) 89 89 89
Cl™ (ppm) 212 212 212
SO3~ (ppm) 1,627 1,627 1,627

2.1. AMD sample

The samples were collected from the Western Decant in Krugersdorp in a 25 litre plastic drum. The sample was
air-tied and stored at room temperature. The pH, conductivity, turbidity (TSS) and oxidation reduction potential
(ORP) of untreated AMD sample were 2.22, 5.91 mS/cm, 256 NTU (875.5 g/L) and 243 mV respectively. Other
parameters of the AMD including toxic metals are shown in Table 1.

2.2. Bentonite clay

Bentonite clay was obtained from a the Yellowstar Bentonite mine, a bentonite mining and supplying company
situated in Parys in the Free State (SA). The bentonite was mined from a quarry located in Koppies (SA). The pH,
conductivity, TSS, DO and ORP of bentonite clay were 2.15, 2.66 mS/cm, 13.5 g/L, 5.8 mg/L and 230 mV
respectively.

2.3. Sawdust

The saw dust was collected from a carpentry workshop situated at the University of Johannesburg, South Africa.
The particle size was already in the required conditions for the study. The sample was rinsed with demineralized
water until there was no colour shown by the rinsing water.
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2.4. standard solution

Synthetic standard solution for preparation of 0.05 M of Ca®*/Mg?"* in CaMg.2(OH), which was dosed during
treatment was accomplished by a mixture analytical grade of 1.85 g of Ca(OH), and 1.46 g of Mg(OH), in a
litre of demineralised water as calculated in Equation (2). The mixture was shaken using a shaker at 300 rpm
for 4 h, and the concentrations were obtained from the study by Ntwampe et al. (2017).

0.05 M of Ca?"/Mg?" x mass of Mx(OH), (M = Ca/Mg) )

3. EXPERIMENTAL METHODS

3.1. Jar test procedure

The equipment used for the jar tests was a BIBBY Stuart Scientific Flocculator (SW1 model), which has six adjus-
table paddles with rotating speeds between 0 and 250 rpm. The experiments were conducted employing rapid and
slow mixing (250 and 100 rpm for 2 and 10 mins respectively). The experiments were conducted in the following
order.

A total of 200 mL of a sample was poured into five 500 mL glass beaker and dosed with 1.0-3.0 g of bentonite
clay and 1.0-3.0 g saw dust respectively; the samples were mixed at 250 and 100 rpm for 2 and 10 mins respect-
ively, allowed to settle for 1 hour, after which the pH, conductivity, ORP and percent removal were measured. A
second similar set of experiments was conducted with increasing dosage of bentonite clay (1.0-3.0 g) and con-
stant saw dust (2.0 g) considering only quantitative parameter, similar treatment and measurement were
conducted. A third set of experiments was conducted with increasing saw dust and constant bentonite clay, simi-
lar treatment and measurements were conducted, and vice versa, CaMg.2(OH), dosage was done in an increasing
trend; that is, 20-60 mL.

3.2. Performance evaluation

3.2.1. pH, conductivity, DO and ORP measurements

A MetterToledo Seven Multimeter instrument (made in Germany) was used to measure the pH, conductivity and
ORP. Each measurement has its corresponding electrode filled with a solution of silver chloride solution and the
outer glass casing, which has a small membrane covering at the tip. The instrument was calibrated daily prior to
the experiments, and contained standard solutions of pH 4.0 and 7.0. An appropriate probe was placed prior to
the analyses and a relevant measurement was selected using an appropriate button. The reading appeared on the
instrument and was allowed to stabilize before the reading was recorded.

3.2.2. Turbidity measurement

A Merck Turbiquant 3000T Turbidimeter (made in Japan) was used to determine turbidity of the AMD using
NTU as a unit of measure. Each piece of equipment was calibrated with 0.10, 0, 100, 1,000 and 10,000 NTU stan-
dard solutions.

3.2.3. Analytical method

3.2.3.1. Inductively coupled plasma (ICP). A Perkin Elmer Optima DV 7000 ICP-OES Optical Emission Spec-
troscopy (made in USA) was used to measure the concentration of toxic metals in the supernatant. Based on the
anticipation of a high concentration of the heavy metals, the ICP equipment was calibrated with the standard
solution between 100 and 1,000 ppm of the salts.

3.2.3.2. Ion chromatographic method. lon chromatography Dionex ICS 5000 (Sunnyvale, made in US)
equipped with IonPac AS12-AS anion column and suppressed conductivity detector to measure the chlorides
and sulphates.

3.2.4. Characterization
Scanning electron microscopic analysis

A KYKY-EM3200 digital scanning electron microscope (model EM3200) equipment (China) was used to pro-
duce the SEM photomicrographs.
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3.2.5. Adsorption isotherm
Adsorption capacity of an adsorbate onto adsorbent; that is, turbid materials onto the flocculent was determined.
Pseudo-first and second orders are common models (Equations (3) and (4)).

Pseudo first order model

d
ki@ - a) )

Pseudo second order model

d
W =ke(@ ~ )’ @

where q, is the adsorbed amount of the turbid materials at equilibrium (mg/g), q; is the adsorbed amount of turbid
materials at a certain time t (mg/g) and k;and k; are the rate constants for the first and second order adsorption
kinetics, respectively. Non-linear regression methods were used to determine these rate constants.

4. RESULTS AND DISCUSSION

The study investigates the removal efficiency of turbidity, toxic metals predominantly Fe, Cu and Ni, and hardness
present in the AMD sample using a flocculent consisting of a combination of bentonite clay, saw dust and
CaMg.2(OH), without the addition of neutralizing agents. Although bentonite clay and saw dust are known
for their large surface area and water holding capacity, and indication of high adsorption capacity of turbid
materials; optimal removal of pollutants cannot be guaranteed. Synthetic CaMg.2(OH), was added in the floccu-
lent to increase its physico-chemical removal capacity. The study constitutes a major contribution in the scientific
field as it investigates a treatment system utilizing a combination of naturally occurring minerals and waste
materials without processing. A complexity of the chemical and mineral composition of clays and structural con-
figuration is an attribute to its reactivity. The other factors that contribute towards the reactivity of clay include
complex chemical structures, structural imperfections, varying crystallinity and the presence of impurities.

Figure 1 shows the relation between the pH, conductivity and ORP of the AMD sample treated with a floccu-
lent (bentonite clay, saw dust and CaMg.2(OH),) (exp. C), whereas Figures Al and A2 (Exps A and B) show the
relation between the pH, conductivity and ORP of the samples dosed with a combination of bentonite clay and
CaMg.2(OH),, and a combination of saw dust and CaMg.2(OH), respectively.

pH, ORP and EC of AMD using flocculet 1
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Figure 1 | pH, ORP and conductivity of AMD using flocculent 1.

The parameters above play a pivotal role during destabilization-hydrolysis, reflecting the rate at which the floc-
culent destabilises and hydrolyses the samples, the oxidation and reaction rate of the solution. The results are also
indicative of the effect of ionic strength (electrical conductivity) and the rate of redox in the system. Destabiliza-
tion potential; that is, reactivity strength of the flocculent, determines the ability of a flocculent to perturb
equilibrium between the van der Waals attractive and electrostatic repulsive forces, screening effect between
ions of similar charges, selective sorption of some cations/anions in a solution.

The pH of the samples using a flocculent increased from 2.22 to a range 4.72-4.98, indicating that dehydrox-
ylation occurred during hydrolysis, a process whereby hydroxide ions are released into the system particularly by
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CaMg.2(OH),. In a situation of such a nature, increasing pH is considered attributed to the rate of adsorption of
most of the pollutants, particularly those that dissolved in acidic suspension. The changing trend is already indica-
tive of suppression of solubility of toxic metals to form precipitates of metal hydroxide.

The ORP of the samples was reduced from 243 mV to a decreasing trend in a range of 139-127 mV. The chan-
ging trend indicates that oxidation of toxic metals and other cations took place, enabling the hydroxylation
process. Such a reaction also invokes the observations afore-mentioned regarding the removal of pollutants;
that is, particularly toxic metals.

Electron conductivity of the samples was reduced from 5.91 mS/cm to a slight decreasing trend in a range of
3.57-3.05 mS/cm. The observation is an indication of the rate of internal reactions that occurred in the system.
High ionic strength in a system effectively screens electrostatic forces of repulsion and reduces the distance
between the particles, resulting in increasing effect of van der Waals forces of attraction (Gregory & Duan
2001). The observation already exhibits that a flocculent used in this experimental work has a high destabilizing
potential (Ntwampe 2013).

Figs. Al and A2 represent the pH, conductivity and ORP of the AMD samples treated with a combination of
bentonite and CaMg.2(OH),, and a combination of saw dust and CaMg.2(OH), respectively. According to
Fig. Al, the pH showed an increasing trend with increasing CaMg.2(OH), in a range 4.4-4.8, decreasing conduc-
tivity and ORP in the ranges 3.13-2.75 mS/cm and 136-123 mV respectively. On the other hand, the pH (Fig. A2)
showed an increasing trend of a range 4.23-4.38, whereas conductivity and ORP showed a decreasing trend in
the ranges 3.30-2.86 and 156-120 mV respectively. The observations revealed by the ORP (Figs. Al and A2)
showed that oxidation was a predominant reaction as the trend decreased with increasing CaMg.2(OH),
dosage. Decreasing conductivity exhibited by both graphs is indicative of the removal of ionic minerals in the
AMD. On the other hand, the pH changing trend of Fig. Al is slightly higher compared to that of Fig. A2,
which is indicative of suppressed neutralization of bentonite clay compared to that yielded by saw dust (Fig. A2).

Figure 2 shows the relation between the pH, conductivity and residual turbidity of the AMD using bentonite
clay, saw dust and flocculent respectively. The objective of this investigation was to determine the efficiencies
of the saw dust and bentonite clay in the treatment of the AMD without the addition of a neutralizing agent.

pH, EC and turbdity of AMD using flocculent 1
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Figure 2 | Relation between the pH, conductivity, turbidity and ORP of AMD using flocculent 1.

The pH of the samples using bentonite clay, saw dust and a flocculent changed in the ranges 4.1-4.3, 3.1-3.8
and 3.0-3.5 respectively. According to the observations; that is, pH changing trend, reaction rate in the sample
using a flocculent is faster compared to that of the samples using bentonite clay and saw dust respectively. Such
an inference is based on a significant pH change between raw sample and treated effluent of the AMD using a
flocculent and insignificant pH change using bentonite clay and saw dust. The corresponding conductivity of
the samples with the same sequence of dosage is in the ranges 3.7-4.0, 4.0-4.3 and 2.7-3.5 mS/cm; however,
the conductivity of the samples using flocculent is lower compared to that of the samples using bentonite clay
and saw dust respectively. Such as observation invokes the statement which stated that CaMg.2(OH), component
plays a pivotal role during the destabilization-hydrolysis process. However, conductivity of the samples using ben-
tonite clay is slightly lower compared to that of the samples using saw dust. It is suggested that the ionic surface
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property and porosity of bentonite clay (Vermeulen 2012) reacted with a fraction of ionic salts attributed to elec-
trical conductivity of a samples.

On the other hand, the residual turbidity of the dosage in the same sequence changed inconsistently from
314 NTU (raw AMD) to the ranges 23-26, 24-32 and 18-24 NTU. The residual turbidity of the samples using ben-
tonite clay is higher than that of the other two reagents, whereas residual turbidity of the samples using a flocculent is
the lowest, 18-24 NTU. This observation shows that the three reagents in a flocculent are complimentary to one
another; that is, bentonite clay and saw dust being effective in adsorption mechanism while CaMg.2(OH), in the
suppression of the solubility of toxic metals to form settleable metal hydroxide compounds. It is also suggested
that oxidation of toxic metals observed from low residual turbidity is attributed to reduction reaction of the Ca®*
and Mg®" ions component of CaMg.2(OH), in a flocculent. This also includes their involvement during destabiliza-
tion of the suspension due to their bivalent property, as stated in the study by Water Specialist Technology (2003)
that both bivalent and trivalent cations have high destabilizing potential influential during hydrolysis electronegativ-
ity. On the other hand, large surface area, electrical conductivity, large exchange capacity (Syafalni ef al. 2013) and
T-O-T structural configuration of the bentonite clay are attributed to high removal of pollutants (absorption)
(Ntwampe 2016). On the other hand, the removal of pollutants through intercalation is another factor that amelio-
rated the performance of the bentonite clay, enhancing its removal efficiency. The pH of a solution; that is, above
two, is another attribute to optimal removal of pollutants, an inference invoked by the observation from a study
(Ljagbemi ef al. 2009) showing that maximum adsorption occurs above the pH of 2 and increases until it reaches
4.5 (pH in Figure 2). Another major contributor towards the removal efficiency of pollutants using bentonite clay
is based on the system’s acid activation by the protons present in the AMD, whereby ionic exchange occurs between
the protons and Na * K*, Ca®>" and Mg?" in the bentonite layer; an observation invoked by the findings from the
study conducted by Ntwampe et al. (2014). During the process, the interlayer bonding energy is reduced and the
interlayer spacing and specific surface area of bentonite are increased (Cui ef al. 1998; EBPA 2015), rendering
the flocculent a better removal efficiency. On the other hand, the presence of sulphate ions in the solution activates
the efficiency of bentonite clay to render the best activation effect. Acidic content of AMD also acts as a performance
enhancement attribute by loosening a dense layered structure of bentonite, resulting in increasing interlayer spacing
(Dong et al. 2019), key physicochemical properties of bentonite clay. The interlayer spacing of bentonite increases
during cation exchange resulting in the interaction of organic molecules/compounds with hydroxyl groups on the
surface of bentonite to form some new functional groups that change the local structure of bentonite clay (Chen
et al. 2015). 1t is therefore suggested that most of the cationic compounds or pollutants are exchanged with the
cations present in layers of bentonite clay, as revealed in the study by Chen et al. (2015). Figures 3 and 4 represent
the relation between the removal efficiencies of Fe, Cu and Ni from the AMD sample using a flocculent (1.0 g ben-
tonite clay, 1.0 g saw dust and 0.025 M CaMg2(OH),) and a combination of 1.0 g saw dust and 0.025M
CaMg.2(OH), respectively. The rationale of the comparison was to determine the effect of a combination of saw
dust and CaMg.2(OH), in a flocculent for the removal of toxic metals (Fe, Cu and Ni) and Co, Se, Pb and Zn.

% remaval of Fe, Cu and Ni from AMD using flocculent 1
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Figure 3 | % Removal of Fe, Cu and Ni from the AMD using flocculent 1.

The results (Figure 3) showed high removal of Ni in the samples using a flocculent was from 314 ppm (raw
AMD) to yield 100% removal efficiency. The results of the samples using a flocculent showed lower removal
of Fe and Cu, where the former showed removal efficiency from 933 ppm to a range 55-82% and Cu showed
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% removal of Fe, Cu and Ni from AMD using a saw dust and CaMg.2(0H),
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Figure 4 | % Removal of Fe, Cu and Ni from the AMD using flocculent 1.

removal efficiency from 345 ppm to a range of 40-81% removal efficiency. However, the sample with 20 mL of a
flocculent yielded the lowest removal efficiency of 42% whereas 50 mL dosage yielded the highest removal effi-
ciency of 81%. According to the physico-chemical properties of the constituents of a flocculent (bentonite clay,
saw dust and CaMg.2(OH),), which include high ionic exchange, porosity, high swelling, high electronegativity
(high destabilization-hydrolysis) and high solubility suppressing capacity; it is suggested that Ni responded posi-
tively towards those properties. This indicates that Ni is easily insolubilized by basic neutralizing agents
(CaMg.2(OH,)), hence high removal efficiency due to the formation of precipitates which settled easily; whereas
both Fe and Cu showed a moderate reactivity compared to Ni. On the other hand, the same reagent showed a
high destabilization-hydrolysis potential, resulting in the formation of the flocs which are either sorption sub-
strates or settled easily. Based on high ionic exchange and porosity of bentonite clay and saw dust, it is
suggested that Ni showed high sorption onto both reagents and ionic exchange, which indicates that it has
high physico-chemical reactive potential. The results showed that the reactions of both Fe and Cu were moderate.
On the other hand, calcium and magnesium in the AMD were reduced from 93, 89 ppm (Table 1) to the ranges of
45-47, 32-39 ppm respectively (Table 2).

On the other hand chlorides and sulphides which have a negative effect in aquatic environment constituting
mainly to corrosion and scaling; where the sulphides produced under anaerobic condition results in oxygen
deficiency which is detrimental to aquatic life (Geurts et al. 2009). Chlorides and sulphates were reduced con-
siderably from 212 and 1,627 ppm (raw AMD) to 91-99 and 449-465 ppm respectively. The observation
shows that a flocculent exhibited optimal removal of calcium, magnesium, chlorides and sulphates. The removal
of chlorides and sulphates, permanent hardness, revealed in this study exhibited a distinctive observation relating
to removal efficiency of salts attributed to water hardness as are not easily removed compared to those attributed
to temporary water hardness. Toxic metal with low concentration, i.e. Co, Se, Pb and Zn are reduced from 11.4,
9.72, 8.22 and 7.86 ppm (raw AMD) (Table 1) to the ranges of 2.97-3.11, 1.81-1.96, 0.73-1.07 and 1.11-1.28 ppm
respectively (Table 2). The results shows optimal removal of toxic metals occurred at pH in a range 2.7-3.6, which
indicates that efficiency of a flocculent used in the experiment operates optimally in that range. The flocculent
showed a relatively high removal efficiency of the toxic metal present in low concentrations, which is also

Table 2 | Salt content of treated AMD using flocculent 1

Parameter EXp A EXp B EXp C
Co (ppm) 3.11 3.01 2.97
Se (ppm) 1.89 1.96 1.81
Pb (ppm) 0.87 1.07 0.73
Zn (ppm) 1.28 1.11 1.19
Ca (ppm) 47 50 45
Mg (ppm) 32 36 39
Cl™ (ppm) 96 91 99
SO3~ (ppm) 465 454 449

Downloaded from http://iwa.silverchair.com/wpt/article-pdf/16/4/1234/944023/wpt0161234.pdf

bv auest



Water Practice & Technology Vol 16 No 4, 1242

attributed to solubility suppression by the CaMg.20H), and sorption capacity of both bentonite clay and saw dust
including intercalation and co-precipitation by primary flocs (Aboulhassan ef al. 2006). On the other hand, there
is a propensity that the composite of saw dust with bentonite significantly ameliorated the spacing between the
bentonite layers, improved the pore structure, swelling and sorption of the composite to avoid agglomeration, as
revealed in the studies conducted by Neelaveni ef al. (2019) and Sato ef al. (2016) using graphite and polymer
combined with bentonite clay respectively.

The removal efficiencies of Fe from the AMD sample using a combination of saw dust clay and CaMg.2(OH),
changed from a concentration of 933 ppm (raw AMD) to an increasing percentage removal in a range 42-70%,
those for Cu and Ni also exhibit a change from 345 to 312 ppm to increasing percentage removal trends of 62-98
and 53-70% respectively. The results show that a flocculent has a high percentage removal for Cu and almost
identical percentage removal for both Fe and Ni. According to the removal efficiencies of both flocculants
(Figures 3 and 4), bentonite clay exhibited high efficiency for the removal for Ni, whereas saw dust exhibited
the best efficiency for the removal for Cu. On the other hand, bentonite clay showed moderate efficiency on
Fe and Cu removal whereas saw dust showed moderate removal efficiency for Fe and Ni.

Figure 5 shows the relation between the pH and % removal of Fe, Cu and Ni from AMD using a combination of
1.5 g bentonite clay, 1.5 g sawdust and increasing 0.025 M CaMg.2(OH), (flocculent 1) and 1.5 g bentonite clay,
1.5 g sawdust and increasing 0.05 M CaMg.2(OH), (flocculent 2). The selection of the dosage of the bentonite
clay and saw dust was based on the results shown by their efficiencies in their respective flocculants (Figures 3
and 4).

pH vs % removal of AMD using a flocculent
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Figure 5 | pH vs % removal of Fe, Cu and Ni from AMD using flocculent 1.

The results of treated AMD (Figure 5) where a flocculent used consists of 1.5 g bentonite clay, 1.5 g saw dust
and 0.025 M CaMg.2(OH), (flocculent 1) showed different removal efficiencies compared to those of the results
shown in Figures 3 and 4. The inference is based on the increasing removal trend of all toxic metals (Fe, Cu and
NI), whereby removal efficiency of Cu is the highest, i.e. in an increasing trend of a range 62-100%, whereas those
of Fe and Ni also showed an increasing trend in the ranges of 42-70 and 53-72% respectively. Unlike the results
(Figure 3) showing that removal efficiency of Ni was 100%, the results shown in this diagram revealed that higher
dosage of the flocculent yielded 92-100% removal efficiency. On a contrary, the removal efficiency of Ni
(Figure 5) is in a range of 53-72% whereas removal efficiency of Fe is relatively close to that of the results
obtained in Figure 3. The results showed quantitative consideration of bentonite clay and saw dust playing a pivo-
tal role in the removal efficiency of toxic metals as changing the quantity of both reagents yielded different
removal efficiencies of Fe, Cu and Ni. The main reason for varying removal efficiencies of various metals is
based on the differing sizes of their radii, i.e. those with smaller hydration radius and stronger electronegativity
can easily occupy adsorption sites on the adsorption substrate (flocculent of bentonite clay, saw dust and
CaMg.2(OH),). This simply implies that the competitive adsorption of the three toxic metal ions on a flocculent
was multi-layer adsorption, and finally reached equilibrium condition variably (Tang et al. 2019).

Figure 6 shows Pseudo first order of the removal of Fe, Ni and Cu from AMD using a flocculent.

The coefficient regressions of the adsorption capacity for Fe, Cu and Ni form the AMD using a flocculent
(Figure 6) applying pseudo first order model are 0.949 (94.9%), 0.963 (96.3%) and 0.925 (92.5%) respectively,
indicating that the experimental data didn’t fit well for the pseudo-first order model. However, the correlation

Downloaded from http://iwa.silverchair.com/wpt/article-pdf/16/4/1234/944023/wpt0161234.pdf

bv auest



log(q.-a,)

Water Practice & Technology Vol 16 No 4, 1243

Pseudo first order model of the removal of Fe, Cu and Ni from AMD

y =-0.0286x + 1.7582
R?=0.925

--q~‘~
-

- -
=-0.0272x + 1:1148

R2=0.963 ®°°*

0 5 10

® Ni

e,
®es
N
2
e,

Tt y =-0.0504% + 1.4731

'-.hﬂn-.,.,_'Rz:o,gzw

‘e

15 20 25 30 35
Time (min)

® Fe ==m=Cu

Figure 6 | Pseudo first order of the removal of Fe, Ni and Cu from AMD using flocculent 1.

regression of the removal efficiency for the Cu (96.3%) from the AMD sample applying pseudo first order can be
deemed to fit as the point do not deflect much from the line.
Table 3 illustrates the pseudo first order parameters for the removal of Fe, Ni and Cu from the AMD using floc-

culent 1.

Table 3 | Pseudo first order of the removal of Fe, Ni and Cu using flocculent 1

Parameters Fe Ni Cu

qe (mg/g) 47,69851 11,08896 25,46753
qe (mg/g) 6,330097 1,847209 2,497059
K1 0,065866 0,057805 0,116071

Figure 7 shows the Pseudo second order of the removal of Fe, Ni and Cu from AMD using flocculent 1.

The coefficient regressions of the adsorption capacity for Fe, Cu and Ni form the AMD dosed with flocculent 1
(Figure 6) applying the pseudo second order model are 1.0 (100%), 0.898 (89.8%) and 0.943 (94.3%) respectively,
which indicates that the experimental data fit well for pseudo second order model for Ni and does not fit well for

Fe and Cu.

Table 4 illustrates pseudo second order parameters for the removal of Fe, Ni and Cu from the AMD with a
combination of bentonite clay and saw dust.
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Figure 7 | Pseudo second order of the removal of Fe, Ni and Cu from AMD using flocculent 1.

Table 4 | Pseudo second order of the removal of Fe, Ni and Cu using flocculent 1

Parameters Fe Ni Cu

qe (mg/g) 12,98701 18,51852 46,72897
Qe (mg/g) 34,7115 7,429563 21,26144
K2 0,077 0,004244 0,00087
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Figure 8 shows Freundlich model for Fe and Ni adsorption from AMD using flocculent 1.

Freundlich parameters for the removal of Fe and Ni from the AMD using flocculent 1 (Figure 8) yielded coeffi-
cient regressions 0.998 and 0.999 respectively, which is almost a unity. This shows that the model is an 1deal fit for
the experimental data. On the other hand, Langmuir parameters for the removal of Fe and Ni using flocculent 1
also yielded coefficient regressions 0.999 and 0.999 respectively. Both models are deemed as ideal fit for the
experimenatl data. The R? values for both models is fall between 0 and 1, which is indicative of thermodynamic
reactions.

Freundlich model for Fe and Ni adsorption from AMD usiing flocculent 1
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Figure 8 | Freundlich model for adsorption of Fe and Ni from the AMD using flocculent 1.

Figure 9(a) and 9(b) show the SEM micrographs of the dry sludge of a sample using flocculent 1 and that of a
dry sludge of treated AMD sample using flocculent 2.

In Figure 9, slide 9A is a SEM micrograph of dry sludge of a sample using flocculent 1 showed dense sponge-
like flocs suspended on a cluster formed by small flocs bonded together with filamentous structures. On the other
hand, slide 9B is a dry sludge of a sample using flocculent 2 showed a dense sponge-like flocs surrounded by mod-
erate size flocs. The former showing a surface with voids and porous morphological structure showing high
plausibility of adsorption, whereas the latter exhibits filled pores appearing on the surface of the large and mod-
erate structures around. The flocs with moderate size surrounding the large flocs are separated by voids which
result from fragmentation during rapid mixing. The crystal morphology of both SEM micrographs show high
sorption capacity which is a physico-chemical phenomenon, invoking high removal efficiency of toxic metals,
turbidity and hardness observed in the results afore-mentioned.

WO:10.20mm | VEGA3I XMU
View fleld: 382 ym Jnuhqnwm: 10/02/18

AF
SEM MAG: 1.00 kx
WD: 19.16 mm

Det: SE
VEGAJ XMU

Figure 9 | SEM micrograph of dry sludge of a sample using flocculants 1 and 2.

Downloaded from http://iwa.silverchair.com/wpt/article-pdf/16/4/1234/944023/wpt0161234.pdf

bv auest

.::. .t‘_-!

I

50 ym

VEGA) TESCAN




Water Practice & Technology Vol 16 No 4, 1245

5. CONCLUSION

The objective which includes the determination of the effect of unprocessed flocculent prepared by a combination
of bentonite clay, saw dust and synthetic CaMg.2(OH),. The study was conducted by comparing removal effi-
ciency of pollutants, toxic metals and hardness in the AMD employing a jar test using a flocculent, bentonite
clay, saw dust and CaMg.2(OH), respectively without pH adjustment. Based on individual physico-chemical
properties of the three reagents used in the experiments, the results would show their complementary effects
in a flocculent. The flocculent showed high efficiency for the removal of urbid materials, toxic metals and hard-
ness. The flocculent has a neutralizing potential; that is, it caused a pH rise from 2.03 to a maximum of 4.8; and
that was attributed to synthetic CaMg.2(OH),. The flocculent has a high destabilizing and adsorption capacity
shown by the removal of metals (cationic elements) and pollutants respectively, which also showed effective
metal solubility suppression effects. The flocculent showed effective oxidizing potential, particularly to metallic
elements indicated by decreasing trend of ORP.

Reducing trend of the conductivity of the samples shows that ionic strength of the flocculent has an effect on
destabilization-hydrolysis, a precursor to floc formation and sorption. Bentonite clay has high removal efficiency
for pollutants in AMD treatment compared to saw dust and CaMg.2(OH), respectively. Optimal performance of a
flocculent during treatment indicates that the three reagents complement one another. Lower removal of pollu-
tants using saw dust when compared with bentonite clay indicates that the former is originally saturated with
reactive minerals such as cellulose, lignin and hydroxyl groups (tannins or phenolic compounds); active constitu-
ents in ion exchange and their electron-donating and electron-accepting nature causing perturbation to ionic
exchange. On the other hand, the structural configuration of bentonite clay (T-O-T) is another factor contributory
to its optimal removal efficiency, particularly by intercalation. Its swelling capacity, attributed to its porous prop-
erty, is an ameliorating factor to its optimal turbid removal capacity. The crystal morphology of the flocculent
(SEM) confirms that the composite of saw dust with bentonite significantly enhanced the physico-chemical abil-
ities of a flocculent (spacing between the layers, pore structure, swelling and sorption) to achieve optimal removal
of pollutants.

The flocculent has a high removal efficiency for Ni and moderate for Fe and Cu. Ni is easily insolubilized by
basic neutralizing agents (CaMg.2(OH>)), resulting in high removal efficiency due to the formation of precipitates
which settled easily. Bentonite clay dosage alone has a higher removal efficiency for Ni compared to saw dust,
moderate efficiency for Fe and Cu, whereas saw dust showed moderate efficiency for the removal of Fe and
Ni. Based on such inconsistent toxic metal removal capacity, it is imperative to pursue more research study to
investigate the physico-chemical properties which cause such a changing trend. Synthetic CaMg.2(OH), exhib-
ited a potential of enhancing removal efficiency of turbidity and toxic metals; however, more investigations on
its physico-chemical properties attributable to its performance for the removal of pollutants in wastewaters is
imperative. A flocculent consisting of 1.5 g bentonite clay, 1.5 g saw dust and 0.025 M CaMg.2(OH)2 exhibits
high removal efficiency of turbid materials and toxic metals at pH in a range 2.7-3.6. Apart from the afore-men-
tioned research investigations, it is also imperative to pursue studies focusing on the cost-effectiveness of the both
flocculants 1 and 2 using more toxic wastewaters such as discharge effluent from chemical and petrochemical
industries, and saline water from the seas/ocean.
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