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ABSTRACT

Activated carbons have been produced from various carbonaceous source materials
including nutshells, peat, wood, coir, lignite, coal and petroleum pitch and the
produced carbons have been used for adsorption of inorganic and organic
compounds from numerous matrices. Activated carbons are characterized by large
surface area and high degree of microporosity. The ability of activated carbon to
adsorb gold from solutions, which is present in very low concentrations while
loading to fairly high concentrations, has made it an attractive material for the
concentration of gold from dilute solutions. Consequently, the use of activated
carbons for the recovery of gold from cyanide-leached liquors has gained wide
acceptance in the mining industry. However, the price of commercially prepared
carbons, the time taken for them to arrive, the breakage of the carbon during
transportation and the interest in utilization of various local wastes for the
generation of adsorbents has led to a search of more cost effective and time friendly

source for the activated carbons.

The focus of this research was to conduct a study in which a comparison was
conducted between untreated coconut shell derived activated carbon (CAC) and
Macadamia nutshell derived activated carbon (MAC) for the adsorption of gold.
These activated carbons were modified with HNO3z and H3POj4 to increase their
surface adsorption properties. This was done in order to explore if these activated
carbons prepared from Macadamia shells could be an attractive alternative or a
complementary supplement to the coconut shell based carbons that are currently
being used in the gold extraction industry. The modification of the commercially
prepared Macadamia activated carbons was done with 3 different concentrations
for both nitric acid and phosphoric acid. The modified activated carbons were
labelled MACP20%, MACP40% and MACPeo%, to signify the materials prepared
from 20% (v/v) H3POs, 40% (v/v) H3PO4 and 60% (v/v) H3POs, respectively .
Same labelling was used for 20% (v/v) HNOgz, 40% (v/v) HNOs and 55% (v/v)
HNOz modifications to correspond to MACN20%, MACNa0% and MACNssy,
respectively. Also, untreated coconut shell derived activated carbon (CAC) and
Macadamia nutshell derived activated carbon (MAC) were investigated for gold

adsorption for comparison purposes. All the activated carbons prepared in the
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study were characterized with Brunauer-Emmet-Teller (BET), scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Thermo
gravimetric analysis (TGA), elemental analysis (EL) and X-ray diffraction
spectroscopy (XRD). The physical properties of the activated carbons were done
by determining attrition, ash content, volatile matter, and moisture content of all
the activated carbons. Various parameters that affect selective adsorption such as
the effect of initial concentration, time, agitation speed, interfering species, and
dose of the adsorbent were investigated. Optimal parameters for gold ion
adsorption were as follows: solution pH, 10; contact time, 6 h; agitation speed 150
rpm; sorbent amount 4 g and 5.5 ppm for initial concentration of gold. The
observed selectivity order was not the same for all the adsorbents but the adsorption
of gold was found to be mostly influenced by the presence of nickel and least
influenced by copper. The MACPso% was found to be the most effective from the
three concentrations investigated for the phosphoric acid modified activated
carbons yet proved to have lower adsorption capabilities compared to CAC. The
MACNSss% was found to be the most efficient and displayed similar adsorption
capabilities to those of CAC.
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CHAPTER 1: INTRODUCTION

1.1 Background on the removal of gold

It is estimated that two thirds of the gold mined worldwide comes from South
Africa, whilst the rest comes from Australia and North America (Dreisinger and
Molleman, 2002). However, during processing some gold is lost through the waste
streams. This has led to a demand for the development of more techniques and
adsorbents to be used for effective or efficient recovery of gold. Various processes
have been used for the recovery of gold from ore following some sort of extraction.
These included chemical, physical or surface based processes in which each
process relies on the initial grinding of the ore (Hylander, 2007). The most widely
used methods in hydraulic metallurgy are amalgamation with mercury,
chlorination, and cyanidation (Dreisinger and Molleman, 2002). Recovery by
amalgamation has declined steadily due to its hazardous and toxic nature
(Hylander, 2007). Inhalation of mercury can disrupt the nervous system, damage
the brain functions and trigger allergic reactions such as rashes, tiredness, and
headaches (Hylander, 2007). Attempts to improve recovery using chlorination
proved costly and ineffective due to the excessively high reagent consumption of

the process (Van den Berg, 2000).

Owing to the above-mentioned drawbacks, the bulk of the world's gold production
is now recovered by the cyanidation process (Eugene and Mujumdar, 2009). The
cyanidation process was introduced by MacArthur and the Forrest brothers of
Glasgow in the 1890's (Dreisinger and Molleman, 2002). The process involves the

dissolution of the gold in aqueous alkaline cyanide solution and subsequent
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separation of the gold bearing solution from the finely ground ore (Kondos et
al.,1995). The process has been used to treat ores, concentrates and calcines on a
commercial scale all over the world. The cyanidation process occurs in an alkaline
solution and it is an oxidative leaching process, i.e. oxygen is required for the
reaction to occur. Atmospheric oxygen is usually adequate. The overall reaction

between gold and cyanide can be expressed as follows (McCraken, 1993):

4AU +8CN" + Oz + 2H20 — 4Au(CN)z + 40H" ..o oo (1.1)

The aurocyanide ion formed is a very stable linear complex. The reaction can be

divided into (i) the anodic dissolution of gold which is expressed as follows:

AAU+8CN = AAUCN)Z + 467 oo, (1.2)

and (ii) the reduction of oxygen which is the cathodic reaction is expressed as

follows:

O2+2Ho0 +46 > 40H . o (1.3)

The cyanidation process is preferred over other methods due to it being less
expensive, simple, and superior selectivity towards gold (Eugene and Mujumdar,
2009). After leaching the gold ores and concentrates with cyanide, a pregnant
solution of anionic metal cyanide complexes is obtained from which gold must be
recovered. The aurocyanide complexes, which have formed, may be removed by
one of the following processes: zinc cementation; removal by ion-exchange resin
and adsorption onto activated carbon in the carbon-in-pulp process. Zinc
precipitation or cementation was patented by MacArthur et al. (1890) at the same
time, the author patented cyanidation as an extraction technique. The process has

been improved and redeveloped over the years and has now become what is known
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as the Merrill-Crowe process (Marsden and House, 2006). Its recovery may be

represented by the following reaction:

2AU(CN) 2+ Zn — 2A0+ Zn(CN)aZ oo (1.4)

The technique involves addition of fine zinc dust into a pregnant leach solution.
The pregnant cyanide solution from the clarification process is added separately to
the frame filters. Zinc dust and lead nitrate are then added to the clarified cyanide
solution to precipitate the gold. The de-aeration tanks allow dissolved oxygen in
the pregnant solution to be filtered just before the addition of the zinc dust. The
oxygen is removed because it causes increased zinc consumption (Nicol et al.,
1984, Das et al., 1996). The zinc-gold precipitate is then smelted to separate the
gold from the zinc. The emulsion formed is pumped through a filter system and the
gold zinc slime is then filtered from solution. The barren filtrate is recycled for
further extraction of gold. Although Merrill-Crowe process using zinc-cementation
proved to be of great efficiency considering the low gold residue of the solutions,

many disadvantages have been associated with the process.

Cementation is known to be sensitive to alkalinity and to the concentration of free
cyanide in solution (Nicol et al., 1984, Das et al., 1996). Another reason was that
many of the more common constituents of gold-cyanidation solutions influence the
cementation reaction which led to the decrease in cementation and hence gold
recovery (Nicol et al., 1984, Das et al., 1996). Due to this the Merrill-Crowe
process as currently practiced in South Africa requires very careful control and at
the same time, it is a relatively a labor-intensive operation (Marsden and House,
2006). The use of an ion-exchange resin for the recovery of gold from cyanide pulp

was first proposed in South Africa in 1960 by Davidson and pilot-plant tests were
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carried out at that same time. The earlier development of resin-in-pulp for gold
extraction using an anion exchange resin came from the Soviet Union (Kondos et
al.,1995). The use of ion-exchange resin as an alternative to activated carbon for
the recovery of gold process is currently being examined as a possible alternative
to the carbon-in-pulp process. Resin-in-pulp has proven to have several advantages
(Kondos et al.,1995) over activated carbon (AC), such as its ability to be effectively
eluted at room temperature, whereas the elution of activated carbon has to be
carried out at higher temperatures and pressure. However, there are two major
problems with ion-exchange resins which have led to them not being utilized much
in the mining industry. lon-exchange resins are less selective compared to AC for
gold cyanide over the base metal cyanides. The resin particle size is smaller, which
presents problems associated with the separation, transportation and mixing of the
resin in pulp mixture (Eugene, 2009). As a result, gold is mainly being recovered

from these solutions using adsorption onto AC.

A patent detailing a metallurgical process for the recovery of gold by charcoal from
leach liquors in was published way back in 1880 (Eugene, 2009). Its initial success
was restricted by the low surface area, low abrasive strength of early carbons and
also by the lack of a suitable procedure for elution of gold from the loaded carbon
(Das et al., 1996). ACs were used for the recovery of gold from slimy ores, which
were difficult to treat using conventional Merrill-Crowe techniques due to the
filtration and clarification difficulties (Fraser and Wells, 1991). The rapid
development of carbon recovery systems in recent times can be accredited to the
work of Zadra et al (1952) in developing a process for the recovery of gold and
silver from activated carbon by leaching and electrolysis. Zadra et al. (1952) also

developed high surface area and abrasion resistant carbon products (McCracken,
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1993). Consequently, ACs for gold recovery from cyanide-leached liquors has

gained wide acceptance in the mining industry (Soleimani, 2007).

1.2 Purpose of study

In this study activated carbons produced from Macadamia nut-shells were
compared to the activated carbons sourced from coconut shells on their adsorption
of gold cyanide ion from gold solution. Macadamia based activated carbons have
a high cracking pressure making them resistant to attrition which is an important
characteristic in metallurgical plants. However, the relative adsorption capacities
of Macadamia based ACs are usually low. The focus of this research was to
conduct a study in which activated carbons prepared from waste Macadamia nut-
shells were investigated in the recovery of gold. These ACs were modified by
HNO3z and H3PO4 to improve their adsorption properties. This was done in order to
explore if the modified ACs prepared from Macadamia nut-shells could be an
attractive alternative or a complementary supplement to the coconut shell based

ACs currently being used in the gold extraction industry.

1.3 Justification of Study

The use of ACs for gold recovery from cyanide-leached liquors has gained
worldwide acceptance in the mining industry. However, only ACs prepared
commercially from coconut shells are presently used in the gold processing plants.
These commercially prepared ACs are currently being imported to South Africa
from other countries. The price is extremely high and this has led to a search for
more cost-effective activated carbons. Macadamia nut plantations are becoming an
important crop in South Africa and are possibly the fastest growing tree crop

industry in the country (Mogale, 2012). Enormous amounts of Macadamia nut-
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shell are generated every year after processing Macadamia nut in food industries
such as oil factories and confectionery. According to a report from the Department
of Agriculture, Forestry and Fisheries, South Africa produced almost 30000 tons
of Macadamia nuts in 2012 (DAFF, 2012). This translates to thousands of tons of
waste nutshells. An efficient waste management in this area is of high importance
as it can contribute to the reduction in disposal costs, as well as offering
environmental advantages. Furthermore, innovative waste management might lead
to the production of a valuable product with possible added value which mitigate
waste management costs or possibly even offer a financial return adding to the
increase in the country’s economy and a cut of costs in the mining sector, which
will decrease financial strain and lead to saving costs. Studies (Poinern et al., 2011,
Pezoti et al., 2014) have shown that Macadamia nut-shells can produce a high
quality granular activated carbon (GAC) adsorbent and this study was aimed at

investigating if it can be utilized by the mining industry.

However, to be effective the ACs that are produced must be resistant to attrition
and transportation within the system because fine AC is undesirable in the mining
industry as it will lead to loss of adsorbed Au through the screens (Yalcin and Arol,
2002). Macadamia nutshells have a high cracking pressure, a property which is
attractive for producing high quality ACs that are resistant to attrition. Poinern et
al. (2011) compared Macadamia and coconut shell-based ACs for the recovery of
gold cyanide ion. However, to the best of the author’s knowledge, no study has
been reported on the use of HzPOs and HNO3z modified MAC for the recovery of
gold from mining liquors. The ACs were modified with different concentrations

of HNO3s and H3PO4 to improve their adsorption properties. This was done in order
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to explore if the modified ACs prepared from Macadamia nut-shells could be an

alternative low-cost adsorbent for the extraction of gold ions in aqueous solutions.

It has been further stated that the concentration of the activating agent used for
modification influence the final properties of ACs like pore structure, pore volume,
surface area and the density of oxygenated functional groups (Yavuz et al., 2014).
But sometimes secondary modification can lead to obliteration and total
disintegration of ACs internal structure. Therefore, it is paramount to investigate
the optimum concentrations of activating agents needed for improved performance.
Thus, the focus of this research was to conduct a study in which ACs prepared from
waste Macadamia nut-shells were investigated in the recovery of gold. The ACs
were modified with different concentrations of HNO3 and H3POj4 to improve their
adsorption properties. This was done in order to explore if the modified ACs
prepared from Macadamia nut-shells could be an alternative low-cost adsorbent

for the extraction of gold ions in aqueous solutions.
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CHAPTER 2: LITERATURE REVIEW

2.1 Definition of activated carbon

Balci et al. (1992) described AC as a microcrystalline form of carbon with a very
high porosity and surface area. It was also stated that AC may be visualized as a
form of solid that has a large surface area within a rigid granule or particle structure
of relatively small volume. According to Benaddi (2000) AC is predominantly an
adsorbent with a large internal pore volume and surface area. Kilic et al. (2012),
on the other hand, described AC as a form of carbon that is composed of a group
of materials including a wide range of carboneous materials known for its small

sized pores and high surface area that ranges from 100-1500 m?/g.

AC has become one of the most technically important and widely used adsorbents
due to its high adsorptive capacity which is related to the properties such as surface
area, pore volume and pore size distribution (PSD). In the last decades, activated
carbon acquired much attention in different technologies, especially in adsorption
processes (Williams and Reed, 2006). Also, AC is stable to light, heat and many
oxidizing agents because of its complex molecular structures (Khambhaty et al.,
2012). Large scale productions of AC with appropriate characteristics for each
particular application is in demand due to recent technologies in various industries.
In general, the desired properties of AC applications are, it must have adequate
adsorptive capacity, chemical purity, and mechanical strength. Literature survey
shows that there have been many attempts to obtain low-cost activated carbons
from agricultural wastes such as coconut shells, wood (Gomez-Serrano et al., 2005;
Klijanienko et al., 2008; Zuo et al., 2009), cotton stalk (Deng et al., 2010), almond

shells (Bansode et al., 2003), rice husk (Fierro et al., 2010; Guo and Rockstraw,
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2007), date pits (Girgis and EI-Hendawy, 2002), nut shells (Lua et al., 2005; Yang
and Lua, 2006), olive seeds (Stavropoulos and Zabaniotou, 2005), apricot stones
(Youssef et al., 2005), and sugar cane bagasse (Cronje et al., 2011; Valix et al.,
2004). Due to the increasing demand of AC, there is a strong need for sourcing out
new precursors for the preparation of AC which must be cost-effective and at par
with the commercially available AC. Although, a variety of raw materials were
explored for the preparation of AC in earlier studies, scientists are still trying to
explore new materials depending on their availability and suitability for AC
production in the recovery of gold. Hence, there was a need for this study, to
determine if AC derived from Macadamia nut-shells could be used to replace the
commercial AC derived from coconut shells for application in mining industry

effluents.

2.2 Preparation of activated carbons

Initially, AC was produced using either steam or chemical activation, both of which
required the use of elevated temperatures. Some researchers have studied the effect
of combined or consecutive physical and chemical activation and reported
enhanced results (Rodriguez-Reinoso et al., 1982; Caturla et al., 1991; Ansari and
Omidvari, 2005). In general, chemical activation is sometimes favorable due to the
lower activation temperature and time, and well-developed porosity that result in
the activated carbons. The basic production processes can be combined in different
ways. Sometimes the chemically activated carbon is subjected to additional
activation with a gaseous environment or microwave technique in order to change
the pore structure of the final product (Sharifan, 2013). In the following sub-
sections carbonization, activation, chemical activation, steam activation and

modification will be discussed.
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2.2.1 Carbonization

Carbonization is the process in which carbon-rich material is converted into carbon
char by heating at high temperatures (up to 800°C) in the absence of oxygen. The
term carbonization has been historically used to describe a form of slow pyrolysis
with the objective of producing char as the main end-product, whilst pyrolysis
generally refers to higher heating rates to produce gases and pyrolytic liquids rather
than char. Syn-gas and bio-liquids are also formed besides the main solid product
through carbonization, and have been suggested as a means of maintaining the
thermal process (Strezov et al., 2007). Elemental carbon as a solid residue with a
proto-graphitic structure, called elementary crystallites is retained during
carbonization when almost all non-carbon elements including oxygen, hydrogen,
nitrogen and sulphur are eliminated in the form of volatiles. A typical
lignocellulose material exhibits a chemical composition of 48 wt% carbon, 6 wt%

hydrogen and 45 wt% oxygen.

The degree of conversion to char varies as a function of the amount of carbon being
removed with O and H in the form of carbon oxides and hydrocarbons (Marsh and
Rodriguez-Reinoso, 2006). The char yield from biomass has been thermo-
chemically determined and found to be around 27% for carbonization of cellulose
at 400°C, and this is assumed to be the char yield limit. This is due to the fact that
char yields from other biomass are not just pure cellulose (Antal and Gronli, 2003).
Although the mechanism of carbonization has been found to be complicated it can
be simplified into three consecutive steps. The initial step at temperatures around
300°C involves the loss of moisture and some light volatiles. The primary
formation of char takes place in the second step, at temperature of 500°C in which

liquid fraction evolution occurs at its highest rate. Primary carbonization step is

10| Page



also related basically to the decomposition of cellulosic compounds accompanied
by the formation of carbon oxides at the highest rate. Secondary carbonization takes
place in the third step at higher temperatures (400-700°C) following the primary
de-volatilization. This step involves cracking, polymerization, and re-condensation
of liquid fraction and slow condensation of the char structure to form a carbon rich
solid residue. The main product of the secondary de-volatilization involves the
cracking of liquid compounds which are complex hydrocarbons. They are highly
detected at temperatures below 600°C, while the dominant reaction which occurs
at temperatures over 600°C is the condensation of carbon char with evolution of
hydrogen and CO (Strezov et al., 2007). The final product of carbonization is the
porous structure formed from randomly cross-linked flat aromatic sheets. The pore
structure at this stage is however not yet highly developed, since normally it is
partly filled with tarry materials, the product of secondary reactions and the
disorganized aromatic sheets. Due to this, the char produced at this stage has
generally a low adsorptive capacity (Strezov et al., 2007). Therefore, a further

activation stage is usually required to improve the porosity of activated carbons.

2.2.2 Activation

The activation process helps to increase the porosity of the charred material. The
properties of the activated carbon are to a great extent related to the activation
method, as well as the characteristics of raw materials. A well-developed porous
structure can be produced through appropriate activation; as an example of correct
activation, scanning electron microscopy (SEM) images of carbonized and
activated char from coconut shells from an optimization study by Tan et al. (2008)

are shown in Figure 2.1.
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Figure 2.1 SEM images of a) carbonized coconut shells b) activated carbon from
coconut shells (Tan et al., 2008): Scale 10 pm.

Activation reaction starts with opening of the blocked pores and removal of the
disorganised carbon produced during carbonisation. The process progresses with
the exposure of aromatic sheets to the activating agent and further enhancement of
the porous structure. This usually result in the formation of micropores, followed
by widening of existing pores and creation of large size pores through burning away
the walls between the adjacent pores. At this stage, the extent to which carbon is
burnt off is indicative of activation degree (Tan et al., 2008). Generally, activated
carbon is manufactured by two essential activation methods, including physical
(thermal) activation and chemical activation as shown in Figure 2.2 (Suhas et al.,
2009). The characteristics of activated carbon involve; pore size distribution,
shapes of the pores and surface chemistry which effectively depends on the nature
of carbonaceous precursor, activation methods and activation conditions (Kong et

al., 2013).
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Figure 2.2: Schematic diagram of the production process of activated carbons
(Suhas et al., 2009).

2.2.3 Physical Activation

Physical activation is one of the activation methods that play a significant role in
the production of activated carbon especially in the determination of the size and
effectiveness of the pores. Various methods have been developed for physical
activation but they all share the same basic principle. First the material undergoes
initial carbonization at 500-600°C, followed by activation with steam at 800-

1100°C (Mohamad Nor et al., 2013).
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a)

b)

Carbonization

During carbonization phase, carbon content of the product attains a value of about
80 percent. At the carbonization stage most of the non-carbon elements, hydrogen
and oxygen are first removed in gaseous form by pyrolytic decomposition of the
starting material and the freed atoms of elementary carbon are grouped into
organized crystallographic formation known as elementary graphitic crystallites
(Nabais et al., 2013). The main aim of carbonization is to reduce the volatile
content of the source material in order to convert it to a suitable form for activation.
The carbon material is usually carbonized at 500-600°C with a dehydrating agent

like zinc chloride, sulphuric acid or phosphoric acid for an example.

Activation of carbonized intermediate product with gaseous agents

The most common activation agents are steam, carbon dioxide and oxygen (air).
The activation step is generally conducted at temperatures between 800°C and
1100°C. The active oxygen in the activating agent basically burns away the more
reactive portion of the carbon skeleton as carbon monoxide and carbon dioxide,

depending on the gaseous agent employed.

The char then reacts with steam for one hour to produce activated carbon. At this
point, the char consists entirely of elemental carbon, and some of the carbon reacts
with water to produce carbon monoxide and hydrogen gas. The gas escapes from
the solid char, leaving behind pores in the carbon solid (Hung, 2012). The
endothermic carbon-steam reaction takes place in the furnace according to the

following reaction:

C(S) + HoO (2) = CO(2) F Hal@) revveeereeeeeeer oo (2.1)
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The carbon monoxide and hydrogen gases auto-combust to form water and carbon

dioxide gas as depicted by the exothermic reaction 2.2 and 2.3:

CO(Q) +0.502(2) = CO2(L)-vrrmreeereeeeeeeeeeeceeeeseeeseeeereseeseseeesseeessennen (2.2)

Ha (g) + 0.5 02(2) = HaO (Q)-rvvvverreerereeeeereesessseesessessseesssessessssessesssssssesseesseees (2.3)

After the exothermic reaction, has taken place, the activated carbon is cooled and
packaged for use (Gottipati 2012). Studies of physical activation are showed below
in Table 2.1. where various advantage agents were used on numerous precursors to

produce ACs for different purposes.

Table 2.1. Various physical activating agents and precursors used for AC

production (adapted from Gottipati 2012)

Activating agent  Precursor References

Stream Hazel-nut Haykiri-Acma et al., 2006
Sunflower shells Lazaro et al., 2007
Novel biomass Nabais et al., 2008
Fly ash Luetal., 2010
Rice husk Zhang et al., 2011

CO2 Coffee endocarp Nabais et al., 2008
Corncob Aworn et al., 2009
Waste tyre Betancur et al., 2009
Pecan shells Salvador et al., 2009

Air Almond tree bark  Ganan et al., 2006
Pitch-based Liu et al., 2007

Olive tree wood Ould-Driss et al., 2011

2.2.4 Chemical Activation
Preparation of ACs by chemical activation is a single step process in which

carbonization and activation are carried out simultaneously (Gottipati, 2012). Rich
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carbon content materials are produced as a result of the pyrolysis process with high
porosity structure. Chemical agents such as HsPOs, HCI, HNOs, ZnCl,;, KOH,
NaOH, K>CO3z and Na>COs can be used in chemical activation (Kilic et al., 2012;
Olorundare et al., 2012). The advantages of chemical activation over physical
activation include low energy, less cost of the activation process and better porous

structure characteristics of the product.

Table 2.2 Various chemical activating agents and precursors used for AC
production (Gottipati, 2012)

Activating agents Precursors References

ZnCl; Cattle manure Qian et al., 2007
Tamarind wood Acharya et al., 2009
Tamarind wood Sahu et al., 2010
Biomass Liou, 2010
Sugarcane Cronje etal., 2011

KOH Petroleum coke Kawano et al., 2008
Cotton stalk Tseng et al., 2008
Rice straw Basta et al., 2009
Coal Wu et al., 2010
Pineapple peel Fooetal., 2011

K2CO3 Walnut shell Hayashi et al., 2002
Palm shell Adinata et al., 2007
Bamboo Horikawa et al., 2010
Pineapple peel Fooetal., 2011

In addition, the chemical activation product has a large surface area and higher
carbon yields due to prevention of formation of volatile compounds and tar because
of the dehydrogenation properties of the chemical agents (Williams et al., 2004).
Chemical activation process requires the washing stage to remove the impurities
coming from the chemical agent that may affect the properties of activated carbon.
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Another disadvantage is the corrosiveness of the process (Yeganeh et al., 2006).
Moreover, the yields of carbon in chemical activation are usually higher than those
in physical activation because the chemical agents used are substances with
dehydrogenation properties that inhibit formation of tar and reduce the production
of other volatile products. Numerous studies have reported the preparation of ACs
by chemical activation for various applications (Table 2.2). However, a secondary
chemical treatment of ACs is sometimes necessary in order to modify or improve

surface properties.

2.2.5 Modification of activated carbon

The type and amount of chemical functional groups on the AC surface can be
changed with surface modification methods such as chemical impregnation,
physical, and microwave treatments (Valdes, 2002). Depending on the nature of
the reagent used in modification, either positively or negatively charged functional
sites can be formed on the surface which transforms AC to a more hydrophilic or
hydrophobic and acidic or basic character. Modification and impregnation
techniques increase surface adsorption and removal capacity as well as improve the
selectivity of analyte adsorption (Monser and Adhoum, 2002). Chemical surface
modification methods are widely used to prepare hydrophilic AC. Hydrophilicity
of AC is associated essentially with the presence of oxygen containing groups on
the surface such as carboxyl, phenolic and lactonic groups. Nitric acid, sulphuric
acid, phosphoric acid hydrogen peroxide, ozone and potassium permanganate are
some of the reagents frequently used to enhance oxygen content on the surface of
AC (Yin, 2007). It has been demonstrated that the amount of oxygen containing
surface functional groups, specific surface area and pore structure highly depend

on the concentration of reagents (Wang et al., 2011). While oxygen content of AC
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usually increases with the increase of reagent concentration, the surface area and

pore volume values decrease adversely (Valdes, 2002).

Therefore, modification conditions must be well defined in terms of surface
chemistry and textural characteristics because most of the applications of AC are
highly connected to these properties. Metal adsorption depends on cation exchange
mechanism between metal ions and acidic surface functional groups formed on the
AC surface. It has been stated in the literature that acid modified AC shows good
chelation ability with metal species while their organic pollutant adsorption
performances decrease with acid interaction (Wang, 2006). The benefits of using
chemical treatment are the low temperature needed in the process, and shorter
treatment time. Only one single step is needed, and the global yield is greater
because the burn-off char is not required (Budinova et al., 2006). Examples of

chemical modification of ACs using HsPO4and HNOsare illustrated in Table 2.5.

Table 2.3 Table showing previous studies on modification of activated carbons

using H3PO4 and HNO3z (modified from Gottipati 2012)

Activating agent Precursor References
H3PO4 Almond shell Zuo et al., 2009
Cotton stalk Deng et al., 2010
Rice straw Fierro et al., 2010
Sewage sludge Wang et al.., 2011
Mopoung et al.,
Pineapple leaf 2015

Youssef et al.,

HNO3 Olive-stones 2006
Coconut shells Vasu 2008
Waste tea Yavuz et al. 2014

Commercial carbons Lopes et al .,2015
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In the present study, the company in which Macadamia ACs were sourced from is
Filtatech Activated Carbon Innovations (Boksburg, South Africa) and were
prepared by physical activation of Macadamia nutshells. The ACs were chemically
modified by impregnating the carbons with nitric and phosphoric acid to improve
the adsorption properties of Macadamia ACs. The Macadamia activated carbon
are hard, pure and resistant to attrition, however they have low adsorption capacity.
As a result, this study was done to see if modification with nitric and phosphoric
acid can improve their adsorption capacity and hence be a complimentary source
of activated carbon in the mining industry which currently uses activated carbons

sourced from coconut shells.

2.3 Factors affecting ACs quality

The quality of the resulting activated carbon is influenced by the raw material used,
concentration of the activating agent, temperature, particularly the final activation
temperature which affects the characteristic of the activated carbon produced and
the activation time which also affects the carbonization process and properties of

activated carbon.

2.3.1 Raw material

Activated carbon has an immense worldwide market of about 1,000,000 tonnes per
year (Sharifan, 2013). Preferably, the raw material should be from a nearby source
to reduce the cost of transportation and not require cyclic cropping procedure
(Marsh and Rodriguez-Reinoso, 2006), have high carbon content, low in inorganic
content (i.e low ash), high density and sufficient volatile content, cellulosic and
lignocellulosic waste, available in large quantities, especially from agricultural

operations such as fruit stones and various nutshells, and have the potential to be
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used as low cost parent materials. The nature of organic precursors used as
feedstock, in addition to the production conditions, has important impact on char
formation and type of porosity. The textural properties of raw material can
generally be tracked in the final product, being influential in the particle shapes,
density and type of porous structure (Sharifan 2013) as observed in Figure 2.3
which shows the scanning electron microscopy (SEM) images of AC derived from

different raw materials.

Figure 2.3 SEM images of activated carbons from various raw materials (a) Waste
tea; chemical activation with HaPO4 at 350°C for 72 h (Yagmur et al., 2008), (b)
Flax fiber; steam activation at 800°C (Williams and Reed, 2006), (c) Soy bean oil
cake; chemical activation with K.CO3 at 800°C (Tay et al., 2009): Scale 5 um for

(@) and (b), and 100 pum for (c).
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Raw materials are classified as softwood, hardwood, lignin, or shells and these have
slightly varied % carbon range, % volatile and % ash content as shown in Table

2.4. Coal precursors have higher carbon content than other materials.

Table 2.4 Characteristics of various conventional raw materials used for making
AC (Manocha, 2003).

Raw Carbon Volatile Ash

materials (%) (%) (%)  lextureof AC

Softwood  40-45 55-60 0.3-1.1 Soft, large pore volume

Hardwood  40-42 55-60 0.3-1.2  Soft, large pore volume

Lignin 35-40 58-60 - Soft, large pore volume

Hard, large multi pore

Nut shells  40-45 55-60 0.5-0.6 volume

Hard coal 85-95 5-10 2.15 Hard, large pore volume
2.3.2 Temperature

The final activation temperature affects the characteristic of the produced activated
carbon such as the yield and surface area. Temperatures as high as 800°C have
been employed for activation of ACs by steam or CO; (San-Miguel et al., 2003).
Researchers have been recently working on optimizing the final activation
temperature to economize the cost of production and time. Literature shows that a
wide range of temperatures have been utilized. These include low temperature of
about 200°C (Haimour et al., 2005), moderate temperature 400-500°C
(Srinivasakannan et al., 2003) and very high temperatures of 1100°C (San-Miguel
et al., 2003). Guo et al. (2003) observed that increasing activation temperature
reduces the yield of the AC due to the increasing amount of volatiles which are

released between 500°C and 900°C.
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Haimour et al. (2005) suggested that the percentage of volatile matter decreased
with an increase in carbonization temperature from 200 to 800°C. Haimour et al.
(2005) stated that it was unsuitable to prepare AC at carbonization temperature
above 800°C due to minimal release of volatile matter beyond this temperature.
The effect of carbonization temperature on quality of ACs was followed by
measuring the surface area (Haimour and Emeish, 2006). It was observed that the
surface area increased with increase in carbonization temperature with optimal
temperature of 700°C. The increase in surface area was ascribed to the release of
volatile matter leading to the development of pore sites (Haimour and Emeish,

2006).

2.3.3 Activation time

Besides activation temperature, the activation time also affects the carbonization
process and properties of activated carbon. The activation times used ranged from
1 to 3 hours for palm shell and coconut shell (Srinivasakannan and Zailani, 2003).
As the time increased, the percentage yield decreased gradually while the BET
surface area increased. This was attributed to the volatilization of organic materials
from raw material which resulted in formation of activated carbon. The extent of
decrease in the product yield was attributed to an excessive activation time

(Srinivasakannan and Zailani, 2003).

2.4 Classification of activated carbons

The classification of activated carbons is difficult due to their complex products
and is based on their preparation methods, physical properties, and surface
characteristics. The general accepted classification of activated carbons is however

based on particle size which divides them into 3 groups namely, powdered
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activated carbon (PAC), granular activated carbon (GAC), and activated carbon

fibres (ACF) (Babel and Kurniawan, 2003).

2.4.1. Powdered activated carbon

Powdered activated carbon (PAC) has a typical particle size of less than 0.1 mm
and the common particle size ranges from 0.015 to 0.025 mm. Typical applications
of PAC include industrial and municipal wastewater treatments, sugar
decolorization, in food industry, pharmaceutical, and mercury and dioxin removal
from a flue gas stream (Cook et al., 2001; Zhang et al., 2006; Ormad et al., 2008;

Satyawali and Balakrishnan, 2009).

2.4.2. Granular activated carbon

Granular activated carbon (GAC) has a mean particle size ranging from 0.6 to 4
mm. It is commonly used in continuous processes of both liquid and gas phase
applications. Advantages of GAC over PAC include a lower pressure drop, re-
generation, re-use, proper micropore size distribution, high apparent density, high
hardness, and a low abrasion index. These properties have made GAC more
suitable for various applications as compared to PAC. An example of an industry
in which PAC is not used is the mining industry. This is because PAC can be sieved
through the carbon in pulp screen together with the waste, which leads to a loss of
gold. PAC’s small particle size also makes it to be less resistant to attrition and this
poses a drawback for employing it in the circuits (Hai et al., 2011). Figure 2.4

shows a typical granular form of activated carbon.
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Figure 2.4: Granular form activated carbon (Abdulgadir, 2014)

2.4.3. Activated carbon fibers

Activated carbon fibers (ACFs) are carbonized carbons which have been
subsequently heat treated in an oxidizing atmosphere. ACF was first developed in
1970 using the viscose rayon precursor which consisted mainly of cellulose.
Recently thermoset polymer materials like saran and phenolic resins have been
used as precursors to produce ACF (Menendez-Diaz and Martin-Gullon, 2006). It
has been found that a good ACF precursor must be non-graphitic and non-
graphitizable carbon fibre which is isotropic in nature. Since the end of 1980s, an
interest has been centered on the production of ACFs from various inexpensive

precursors (Nahil and Williams, 2011).

2.5 Main applications of activated carbon

The unique adsorptive properties of activated carbon have made it an important
commodity in many industries for purification and separation purposes. Removal
of colour, odour, taste and undesirable organic and inorganic impurities from water

has been one of the most common liquid phase applications for activated carbons.
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Moreover, ACs have been applied in purification of air, as well as other gases such

as hydrogen, carbon dioxide, natural and landfill gas. Solvent recovery, food

processing, gold and silver recovery and application as a catalyst or catalyst support

are other applications of ACs (Bansal et al., 2005). In general, the primary

applications of activated carbon can be categorized into two groups; gas and liquid

phase adsorption, of which some examples are presented in Table 2.5.

Table 2.5 Application of activated carbons (Bansal et al., 2005).

Liquid Phase

Gas Phase

Municipal water treatment: Taste and odour
removal - micropollutant removal (e.g. pesticides,
THMs).

Domestic water treatment: Jug filters, in-line
filters, cartridge filters

Process water treatment: Hydrocarbon removal
from condensate, trace organics removal

Waste water and ground water treatment: Trace
organics removal.

Food industry: Fusel oil removal from beverages,
removal of undesirable flavours and improve
colour, decaffeination of coffee beans.

Sugar, oil and fat refining: To improve colour,
higher rates of crystallization (sugar industry).

Medicine: removal of bacterial toxins, treating
gastritis and poisoning caused by mushrooms,
food, phenols and phosphorus.

Gold and silver recovery.

Gas purification: Hydrogen, natural gas, carbon
dioxide, landfill gas.

Air treatment: Decolourisation, vapour removal
(e.g. vent filters, anesthetics, compressed air) —
solvent

recovery - ductless fume cupboards, war gas
protection filters, industrial and military
respirators,

incinerator flue gas, cooker hoods, deep fryers
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2.6 Structure of activated carbon

2.6.1 Physical structure of activated carbon

Carbonized materials have two different well-defined types: non-graphitizing
carbon and graphitizing carbon. These differences in structure were found to be
obvious from the earliest stages of carbonization (Zhao et al., 2009). Generally, the
substances that have a high ratio of oxygen or a low ratio of hydrogen content are
called non-graphitized carbon. The non-graphitized carbons demonstrate a strong
order of cross linking of crystallites during heating at low temperature, forming a
porous carbon. This leads to a random orientation of the crystallites in a rigid, finely
porous mass. The neutron diffraction studies showed that non-graphitizing carbons

consist entirely of sp? hybridized atoms (Zhao et al., 2009).

The structures of non-graphitizing carbon were related to that of fullerenes (Harris
et al., 2008). Such structures could explain the micro-porosity of the carbon and
many of its other properties (Abdulgadir, 2014). AC is much closer to graphite in
properties and structure. Graphite is composed of layers of fused hexagons held by
weak Van der Waals forces. These layers are held by carbon—carbon bonds (Harris
et al., 2008). Regarding the structures, interlayer spacing in graphite is 0.335 nm.
AC is a muddled form of graphite, as a result of the presence of impurities and the
activation process. The interlayer space in AC ranges between 0.34 nm and 0.35

nm. Activation temperatures and carbonization produced more enhanced structure.

2.6.2 Porous structure
The high adsorptive capacities of activated carbons are highly related to porous

characteristics such as surface area, pore volume, and pore size distribution. The
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characteristics largely depend on the nature of the raw material and activation
process route. The pore dimensions, and porous structures are categorized by an
IUPACY approved classification to be microporous with pore width <2 nm,
mesoporous with pore width of 2-50 nm and macroporous with pore width of >50
nm (Figure 2.5). Generally the microporous structure of an adsorbent is
characterized by adsorption of gases and vapors and, to a small extent, by small
angle X-ray technique (Yang and Lua, 2006; Rosas et al., 2009; Zuo et al., 2009;
Liou, 2010; Castro-Muniz et al., 2011) enhance mesopores attaining a volume of
0.2 to 0.65 cm®/g and surface area of 200 m?/g. Capillary condensation and
adsorption-desorption hysteresis are the characteristic features of mesopores (Lei

et al., 2006; Awornetal, 2008; Hao et al., 2011).

Large dissolved
organic molecules Small dissolved

‘\ . orga/nic\ molecules

Micro Pore Meso Pore

Figure 2.5: Micropore, mesopore and macropore regions of activated carbon (

Abdulgadir, 2014)

Beside their contribution to the adsorption of adsorbate, mesopores act as conduits
which lead the adsorbate molecule to the micropore network. The typical pore size
distribution of activated carbon can be observed in Figure 2.5. Generally,

mesopores are characterized by adsorption-desorption isotherms of gases, by
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mercury porosimetry, and by electron microscopy (Zhu et al., 2007; Kennedy et

al., 2007; Liou, 2010).

2.6.3 Chemical structure

The adsorption capacity of AC is dependent on its porous structure as well as the
chemically bonded heteroatom (mainly oxygen and hydrogen) (Bansal et al.,
2005). Much of the literature show that the heteroatoms are bonded to carbon atoms
on the edges and corners of the aromatic sheets or to the carbon atoms at defect
positions to form carbon-oxygen, carbon-hydrogen, carbon-sulfur, carbon-
nitrogen, and carbon-halogen surface compounds, known as surface groups or
surface complexes (Valix et al., 2006; Castro-Muniz et al., 2011). A hypothetic
structure of AC is given in Figure 2.6. The variation in the arrangement of electron
clouds in the carbon skeleton results in the creation of unpaired electrons and
incompletely saturated valences which influences the adsorption properties of ACs,
mainly for polar compounds. A considerable effort has been directed to identify
the role of surface chemistry of carbons on the adsorption of metals from aqueous
solutions (Namasivayam et al., 2007; Duman and Ayranci, 2010; Shen et al., 2010;

Mamcilovic et al., 2011; Zhang et al., 2011).

CH=CHCOOH
OH

OCH;

0
CH,COOH
COOH

Figure 2.6 Model structure showing a fragment of oxidised carbon (Jia, 2000).
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AC has the ability to remove even small quantities of metal ions from wastewater
because of the formation of compounds surface between metal ions and the acidic
surface functional groups of activated carbon. The effectiveness of AC in pollutant
removal is linked to several factors including concentration of the solution, solution
pH, ionic strength, formation method, chemical nature and its physical properties
(Fong et al, 2012). However, the adsorption rate of the AC can be enhanced if it is
modified or made to interact with chelating agents as was discussed in section 2.4.
Simple metal ions such as mercury ions have been observed to be poorly adsorbed
due to their good solvation in aqueous solution and the hydrophobic nature of ACs.
The adsorption rate of metal ions can be enhanced by pre-treatment of activated
carbon with some appropriate chemical reactions such as precipitation, oxidation-
reduction reaction, acid-base reaction or neutralization, complex formation,
hydrolysis and catalytic reactions. In this way, AC can combine with simple metal
ions to produce precipitation, complexes or chelates and this in turn can enhance
adsorption of metal cations significantly (Zhang et al., 2011). Oxygen is by far the
most important heteroatom that influences the surface behaviour, wettability,

polarity, acidity and catalytic properties of carbon.

Hence, in this study the activated carbons were modified with HNO3 and H3POas in

order to increase the oxygen content on the activated carbons.

2.7 Characterization and properties of activated carbon

Physical properties of AC include ash content, moisture content, and volatile
matter. The specific surface area and surface chemistry (wettability, polarity,
acidity and catalytic) are examples of chemical properties. These properties can

affect the use of GAC and render them either suitable or unsuitable for adsorption
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of metal ions. Various techniques such as Brunauer-Emmet-Teller (BET), scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), elemental analysis (EL) and X-ray diffraction
spectroscopy can be used to evaluate the surface chemistry, morphology and

texture of AC.

2.7.1 Surface area

Typically, surface area for commercial activated carbons range from 600-1200
m?/g (Guo and Lua, 2003). Larger specific surface areas have been related to better
adsorption performance (Guo and Lua, 2003). Surface area is a measure of pore
volume, pore size and channels present in an adsorbent. The pore volume limits the
size of the molecules that can diffuse and adsorb whilst the surface area limits the
amount of material which can be adsorbed, assuming a suitable molecular size (Lei
et al., 2006; Hao et al., 2011). The specific surface area (m?/g) of porous carbon is
usually determined from gas adsorption measurement using the BET theory (Hu
and Srinivasan, 1999). The most commonly employed method to characterize these
structural aspects of the porosity is based on the interpretation of adsorption

isotherm (e.g., N2 at 77K).

2.7.2 Moisture content

Knowing the moisture content of activated carbons prior to purchase is important
because AC is sold by weight and untrustworthy dealers can take advantage of the
buyer by selling them a lesser quantity due to the weight discrepancy caused by the
moisture content. Some ACs when stored under humid conditions will absorb
considerable moisture over a period of a month unless packaged in airtight

containers. They may adsorb as much as 25 to 30% moisture and still appear dry.
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Abiko et al. (2010) performed a study on the reduction of adsorption capacity of
coconut shell activated carbon for organic vapours due to moisture contents. The
relationship between moisture adsorption and the reduction of the break through
time of activated carbon specimens were carried out and further measurements of
the effect of moisture content on the adsorption of 13 kinds of organic vapour was
also investigated. The results showed that the pressure of moisture in ACs generally
decreased the adsorption capacity for organic vapours. Sivakumar et al. (2012) also
performed a study on the physico-chemical and adsorption studies of activated

carbon from agricultural wastes.

Low moisture content indicated that the carbon samples had poor affinity for water
(Sivakumar et al. 2012). It was also observed that though moisture content of the
carbon doesn’t affect the adsorptive capacity, it dilutes the carbon which demands
the use of additional weight of carbon during treatment processes. Therefore, an
additional weight of moist carbon is needed to provide the required dry weight. In
a study done by Silgado et al. (2014) on adsorption of chromium(VI1) by ACs
produced from oil palm endocarp, the ACs used showed high significant moisture
values which required appropriate packaging, transportation and storage conditions

for moisture control.

It was concluded that moisture content must be carefully considered in order to
obtain an acceptable product that can be used for environmental applications as
pellets or powder carbons. In literature although researchers have determined
moisture content in the purpose of using activated carbon for the adsorption of gold

much is not said about its effects on the adsorption process.
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2.7.2 Ash content

The ash content of a carbon is defined as the residue of inorganic material that
remains when the carbonaceous materials is burned off. This residue is measured
as ash content, generally in the range between 2 and 10% (Yang, 2003). The total
amount of inorganic constituents usually varies from one grade of carbon to another
depending on the source materials and activating agents added during manufacture.
Ash content can lead to increase in hydrophilicity and catalytic effects, causing
restructuring during the process of regeneration for the used activated carbon
(Yang, 2003). Ash in ACs is an impurity and an undesirable product. A good AC
must have low ash content. A small increase in ash content causes a decrease in
adsorptive properties of activated carbon. Likewise, the quality of ACs used in the

present study was evaluated by measuring the ash content.

2.7.3 Volatile matter

Volatile matter is the material that is driven off when AC is heated to 950°C in the
absence of air under specified conditions. It is measured practically by determining
the loss of a mixture of gases, low-boiling-point organic compounds that condense
into oils upon cooling. Volatile matter in AC may be used as a relative measure of
the extent of carbonization and the extent of loading of volatile material that has
been used on an adsorption application. The volatile content of quality AC can go
up to 40% and it is perceived that the higher the volatile content, the more the AC
will be resistant to attrition. Although the volatile matter can go as high as 40%, it
should not exceed 40% as this was found to lower the adsorption capacity of ACs

(Yang, 2003).
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2.7.4 Attrition

Attrition is the wearing off and weakening of carbon surface strength as a result of
continuous pressure. In the mining industry application attrition is mainly caused
by carbon to carbon interaction, exposure to high temperatures and collisions
during the inter-stage pumping of the carbon-in-the-pulp-circuit. Attrition is one of
the major contributors to fine carbon generation. Activated carbon with high
attrition rate is considered to be of less quality in the mining industry. Fine carbon
generation results in high consumption of carbon, less life span of carbon in the
carbon in pulp circuit and precious metal loss due to fine carbon escaping through

the screens together with the residue in the adsorption circuit (Elnathan, 2007).

Typical pre-abrasion test results for a good quality activated carbon are around 95—
99%. However, AC with values lower than 95% are considered of lower quality
for use in most carbon in pulp processes. Abrasion percentage values between 89%
and 92% are still considered to be reasonably satisfactory while an abrasive
percentage of 75% or less represents a softer/poorer quality activated carbon
(Marsh, 2001). Therefore, for carbon to have a good attrition resistance it must

have less than 2% carbon losses in 24 h.

2.8 Adsorption

2.8.1 Physisorption and chemisorption

The term adsorption, first introduced by Kayser in 1881, is internationally defined
as the enrichment of one or more of the components in the region between two bulk
phases or interfacial layer. Adsorbent is the term used for the solid onto which
adsorption takes place and adsorbate is the compound retained by adsorbent (Gregg

and Sing, 1982). Depending on the forces involved, adsorption of analytes on the
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porous structure may be due to either physical or chemical bonding. The physical
adsorption or physisorption takes place due to the short range repulsive forces,
called Van der Waals dispersion forces or intermolecular forces. These forces are
generated between the adsorbent-adsorbate atoms by rapid fluctuation of electron
density within each atom. The fluctuations induce an electrical moment in a
neighbour atom thus, resulting in attraction between the two atoms (Gregg and
Sing, 1982). Physisorption is not site-specific, implying that it can take place on an

entire surface of solid and with any molecule.

Once the surface of the solid is covered by the first layer of adsorbate molecules,
another layer can form on top, referred to as multilayer adsorption. Adsorption of
most gases on porous solids is of this type. Unlike physisorption, the chemical
adsorption or chemisorption is the adsorption in which chemical bonds are
involved, mainly by exchange or sharing covalent electrons between the active
groups on adsorbent and adsorbate surfaces. Chemisorption takes place in
monolayer only, is site-specific and involves stronger forces than Van der Waals
forces due to the formation of chemical bonds (Bansal and Goyal, 2005). Factors
affecting adsorption differ according to the material being adsorbed, these include:
mass of adsorbent, time, initial concentration of adsorbate, temperature, pressure,
and ionic strength. In cases of adsorption of precious metals like gold, the primary
requisites are high adsorption capacity, high adsorption rate, low moisture content,
low ash content, low volatile matter and good resistance to attrition. The adsorption
step is critically important as the Au that is not adsorbed during the adsorption
stages is a loss to the mines. Table 2.6 illustrates the differences between the
physical and chemical adsorption methods. The AC that undergoes physical

adsorption is easier to regenerate compared to the AC that has undergone chemical
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adsorption. This is because the AC that has undergone chemical adsorption has its
surface chemistry been changed due to electron transfer leading to bond formation
between adsorbate and adsorbent. Reversing the formed bonds after leaching the

adsorbate is difficult to achieve.

Table 2.6 Differences between physical and chemical adsorption (Bansal and
Goyal, 2005)

Physical Adsorption Chemical Adsorption

Low heat of adsorption High heat of adsorption

(< 2 or 3 times latent heat of

evaporation) (> 2 or 3 times latent heat

Non specific Highly specific

Mono or multi-layer Monolayer

No dissociation of adsorbed species May involve dissociation

No electron transfer although Electron transfer leading to bond

polarization of adsorbate may occur formation between adsorbate and
surface

2.8.3 Mechanism of Au adsorption
In the mining industry gold first undergoes cyanidation process before it is
adsorbed onto the activated carbon. According to Finkelstein (1972), most of the

gold dissolves according to the following reaction:

2AU + 4NaCN + Oy + 2H20 — 2NaAu(CN)z + H202 + 2NaOH................. (2.4)

The cyanidation of gold occurs through the above-mentioned reaction, and this
results in aurocyanide complex being formed, which is important for the following
adsorption study. The mechanism of adsorption of aurocyanide by ACs has been a
subject of disagreement and controversy, and despite the commercial importance

of the process no consensus has been reached as yet. Mpinga (2012) recently found
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this still to be the case and that no complete agreement of the adsorption mechanism

exists. The most widely accepted theories are:

adsorption involving ion pairs, Mn*[ Au(CN)?7n

adsorption of unpaired [Au(CN).] ions onto activated carbons

decomposition of other species such as AUCN, Au or a partially reduced state.
According to Adams (1991), the above-mentioned mechanisms have all been
shown and can operate under various conditions of ionic strength and pH value.
Davidson et al. (1979) showed that the extraction of aurocyanide by carbon was
enhanced by the cation present in solution. The order of enhancement for group 1A

and IlA cations is given by the following series:

Ca?"™> Mg?*> H*> Li*> Na™ K*

In addition to the cationic effect, McDougall et al. (1991) witnessed that the ionic
strength of the additive also influenced the equilibrium aurocyanide adsorption.
Small increases in ionic strength greatly enhanced the adsorption, although this
effect was found to levelled off after ionic strengths reached a concentration greater
than ~0,20 M. One can conclude that the effect of cation on the adsorption of
aurocyanide is probably due to the extraction of neutral ion-pairs by carbon. The
enhanced adsorption capacity observed due to the increase in ionic strength shifted
the equilibrium to the right-hand side as expected by Le Chatelier's principle. The
functional groups developed during the activation process were responsible for the
adsorption of the Au complex onto the carbon surface (Tsuchida, 1986) but are not
well understood. It was speculated that the form of the adsorbate changes when the

surface is impregnated by gold.
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2.8.5 Studies on the adsorption of gold by activated carbon

Activated carbons derived from hard shells of Iranian apricot stones were
investigated for gold recovery from electro-plating wastewater (Soleimani, 2007).
The effect of parameters such as adsorbent dose, particle size of adsorbent, pH, and
agitation speed of mixing on the gold recovery were investigated. The results
showed that under the optimum operating conditions more than 98% of gold ions
were adsorbed onto activated carbon after just 3 h. In addition, the adsorbed gold
could be eluted from the adsorbent by an improved striping method. Poinern et al.
(2011) investigated the adsorption of aurocyanide, on granular activated carbons
derived from Macadamia nut-shells. The processing of the Macadamia nut-shells
commenced with the carbonization of the shells under nitrogen. This was followed
by the physical activation of the shells under carbon dioxide at different
temperatures to investigate the effect of the activation temperature on pore
formation. The pore structure and gold loading capacity of the synthesized ACs
were investigated. The porous nature and surface structure of the Macadamia shell
based activated carbon were examined by SEM at various stages of manufacture.
In conjunction with gold loading studies, elemental mapping of the AC surface to
determine the gold adsorption sites was also investigated. The study revealed that
activated Macadamia shell based carbons have a strong affinity for the Au(l)
complex and a potential to adsorb significant levels of gold. Benjamin et al. (2014)
derived activated carbons from palm kernel shell employing leachates from cocoa
husk using crude potash and pure potash K>COz as activating agents at 800°C
activation temperature. The statistical tool of t-test (fresh carbon activity, hardness,
ash content and apparent density at 95% confidence interval) was used to determine

the statistical difference. No significant difference existed in the quality indices in
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relation to gold mine operations of the produced AC using pure K2CO3z and crude
potash as activating agents. Increasing activation/ carbonization temperature was

found to enhance the fresh carbon activity and apparent density for both AC.

Depci et al. (2014) did a study for the applicability and suitability of the obtained
low-cost activated and magnetic ACs for gold adsorption and elution process. The
activated carbons were prepared from Turkish lignite (LAC) by impregnating
lignite with distilled water and KOH mixture in 1:4 ratios. A magnetic activated
carbon (MgAC) was prepared by 0.5 g of the modified LAC in 20 mL of an aqueous
solution containing 4 g of Fe(NO3)3.9H20. The effects of various experiments such
as initial gold concentration, pH and adsorbent dosage were investigated in a batch
adsorption technique. The prepared ACs were compared with the commercial ACs
(CrAC). The percentage of gold adsorption onto activated carbon LAC and MgAC
showed the same trend as CrAC as they absorbed more than 80% of gold in 15 min
and nearly 100% in the next 45 min. On the other hand the granular carbon

adsorbed only 30% in 15 min and 65% in 45 min due to the particle size effect.

2.9 Summary and significance of literature review

Activated carbons can be produced from different waste biomass (e.g. rice husk,
olive waste and nut shells) and have been investigated for their adsorptive
properties by numerous researchers, some of which have been summarized in this
chapter. The objective of these studies was mainly to provide low cost adsorbents
by using abundant raw natural material for the production of a valuable filter and
adsorbent for gold recovery. The statistics from the Food and Agricultural
Organisation (FAO) showed that Macadamia shells are annually produced in large

amounts as Macadamia has become one of the most important crops in South
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Africa (Mogale, 2012). It was established that the shells were generally discarded
and treated as low-value products. However, being a highly carbonaceous material,
they were found to be a suitable raw material for the production of activated
carbons. The literature review emphasised on the importance of the starting
material, activation temperature, activation time which strongly affect the unique
properties of activated carbon, i.e. its high surface area, porosity and adsorption

capacity.

In addition, the work is different to the study done by Poinern et al. (2011) firstly
because CO, was used as activating agent while ours was produced by steam
activation. Secondly, ACs in the present study further undergone secondary
treatment with HNO3 or H3sPO4 which have never been used before in other studies
in literature for the selective adsorption of gold. Thus it was imperative to
investigate how locally produced Macadamia AC would perform in gold recovery
in the mining recovery waste solutions in comparison to commercial coconut
activated carbon. In addition, chemical oxidation of ACs not only produce
oxygenated functional groups that can bind metal ions but it can also lead to
damage of the carbon structure. Therefore, chemical environments that will lead to
optimum results (no disintegration but higher loading capacities) ought to be
investigated. The next chapter will introduce the aims and objectives set out to be

achieved throughout the course of this dissertation.
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CHAPTER 3: RESEARCH AIM AND OBJECTIVES

3.1 Aim
The aim of this research was to conduct a study in which HNOz and H3PO4
modified Macadamia activated carbons were compared to commercial coconut

based activated carbons for the recovery of gold.

3.2 Objectives

The specific objectives of this study were to:

Modify the commercially prepared Macadamia activated carbons with different

concentrations of nitric acid and phosphoric acid.

. Study attrition, ash content, volatile matter, and moisture content of all the activated

carbons.

. Characterize the modified Macadamia and coconut activated carbons using
elemental analysis; Fourier transform infrared spectroscopy (FTIR), thermo
gravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) and scanning electron
microscopy (SEM) and X-ray diffraction (XRD). However, due to the
unavailability of some instruments, only few samples were selected to be

characterized.

. Study and compare the effect of parameters on adsorption of gold such as initial
concentration, time, agitation speed, interfering species and dose of the adsorbent

on the rate of adsorption for gold

. Study the re-usability and application on real samples of the modified activated

carbon
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3.4 Hypothesis

Surface modifications of Macadamia activated carbon with nitric acid and
phosphoric acid will produce a carbon adsorbent with qualities superior to its

unmodified version.
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CHAPTER 4: MATERIALS AND METHODS

The focus in this chapter is on listing the chemicals and materials used in the study
as well as elaborating on methods employed for preparation of the modified
Macadamia activated carbons. Furthermore, the preparation of buffers, real

samples and sampling techniques are detailed.

4.1. Materials and reagents

Potassium aurocyanide, calcium chloride, caesium chloride, sodium hydroxide,
sodium cyanide, lanthanum chloride, nitric acid and phosphoric acid were
purchased from Labchem (Johannesburg, South Africa). All chemicals used were
of reagent grade. Macadamia nutshell activated carbons were sourced from
Filtatech Activated Carbon Innovations (Boksburg, South Africa) while coconut
shell based activated carbon were obtained from Jacobs Company (Johannesburg,

South Africa).

4.2. Chemical characterization of activated carbons

Chemical characterization of activated carbon was determined by various
instrumentation techniques such as elemental analysis (EL), scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction spectroscopy (XRD), Thermogravimetric analysis (TGA) and

Brunauer-Emmett-Teller (BET) instrument.

421FTIR
A PerkinElmer Spectrum 400 FT-IR/FT-NIR spectrometer (Waltham, MA, USA)

with wavenumber range of 4000 to 650 cm™ was used to record the absorption
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spectra of activated carbon samples. The machine is equipped with attenuated total

reflectance and 26 scans were averaged.

4.2.2 SEM
Surface morphological information of coconut coir and Macadamia derived
activated carbon was obtained using a scanning electron microscope (SEM) JOEL

Model JSM 6700F (Tokyo, Japan).

4.2.3.BET

A Brunauer-Emmett-Teller (BET) instrument (MicromeriticsTristar) was used for
the surface area determinations. The protocol followed for analysis is given below:
At least about 200 mg of samples were degassed in N2 at 150°C overnight prior to
analysis using a Micromeritics Flow Prep 060, sample degas system. The surface
areas and pore size distributions were then obtained at -196°C. The pore size
distribution with specific surface areas of the sample, were determined via N
adsorption/desorption according to the BET method using a MicromeriticsTristar,
surface area and porosity analyser. In order to confirm the accuracy of the results,
the analysis was repeated at least twice for all samples and the results given are the

averages.

4.2.4. Thermal gravimetric analysis

The thermogravimetric analysis (TGA) and differential thermo-gravimetric
analysis (DTG) were performed to analyse the thermal degradation characteristics
of the activated carbon samples. The weight loss was calculated as a function of
temperature, using PYRIS-1 TGA, Perkin Elmer instrument (Waltham, MA, USA).

Approximately 5 mg activated carbon were placed in a platinum crucible on the
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pan of a microbalance and then heated between 25°C and 900°C at a heating rate

of 5°C/min under nitrogen flow.

4.2.5 CHNS analysis

Elemental analysis of activated carbons was collected on a Thermo Flash 2000
series CHNS/O Organic Elemental Analyser. The carbon, nitrogen and hydrogen
contents were directly determined while the oxygen content was calculated by

difference assuming only these elements were present.

4.2.6 X-ray diffraction spectroscopy

The extent of graphitization in prepared ACs was determined by an X-ray
diffractometer (Shimadzu X-RD-7000) (D8 ADVANCE, Bruker, USA). Scans
were run with a step size of 0.02°s of 26, typically in the angle range between 10°

and 80°.

4.2.7 Atomic absorption spectrometer
The concentration of gold and other base metals was measured using an atomic

absorption spectrophotometer AA-7000 from Shimadzu (Kyoto, Japan).

4.3 Physical characterization of activated carbons.
Physical characterization of activated carbons included the determination of ash
content, moisture content, volatile matter, and attrition. The analyses were all done

in duplicate to confirm the values and the reported values are the means.

4.3.1 Determination of moisture content
Activated carbon (50 g) was weighed and placed in an oven overnight at 105—

110°C. It was then cooled in a desiccator and weighed to a constant mass.

44 | Page



4.3.2 Determination of ash content

One gram of the activated carbon was weighed into a crucible and placed in an
electric furnace at 650°C for 1 hour. The sample was removed from the furnace and
placed in a desiccator for cooling. The sample was weighed on a balance. Ashing
of the activated carbon was carried out for 3 to 8 h depending on the type of
activated carbon and its particle size; ashing was completed only when the constant

mass had been achieved.

4.3.3 Determination of volatile matter

One gram of the activated carbon was weighed into a crucible and placed in an
electric furnace set at 900°C for seven minutes. The activated carbon was then
transferred into a desiccator for cooling and weighed. The moisture of the activated

carbons was pre-determined in order to calculate the volatile matter.

The volatile matter content is given by:

_100[100(B-F)-M(B-G)]
= (BoG)I00 M) *FoFr er e (4.1)

where,

B=mass in g of lid, crucible and sample before heating
F=mass in g of lid, crucible and sample after heating
G=mass in g of the empty crucible with lid.

M= moisture as a percentage of mass

4.3.4 Determination of attrition
The hardness was determined by the wet attrition method of Toles et al. (2000).
One gram (1.0 g) of the activated carbon was placed in 100 mL of 0.1 M acetate

buffer in a 150 mL beaker. The solution was stirred at 500 rpm for 2 h at ambient
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temperature. The sample mixtures were then poured on a 0.30 mm screen and
washed sequentially with 250 mL of distilled water. The retained samples on the
screen were transferred onto an aluminum pan and dried in the oven at 110°C for 2
h. The samples were finally cooled in a desiccator. The percent attrition or hardness

is calculated using the equation:
s A-B
Attrition (%) = X L00 4.2)

where, A= initial mass; B= final mass

4.4 Preparations of stock and working solutions

4.4.1 Gold solution

A stock solution (100 mg/L) of gold was prepared by dissolving dried potassium
auro cyanide, K:Au(CN). (analytical reagent grade) in Milli-Q water. Working
solutions were prepared daily from the stock solution through serial dilutions. The
stock solution was stored at room temperature when not in use. The pH was

adjusted using dilute HCI or NaOH solutions.

4.4.2 Lanthanum chloride solution

A stock solution was prepared by weighing 10.6 g of lanthanum chloride into a
1000 mL made to the mark using distilled water. Working solutions were prepared
daily from the stock solution through serial dilutions. The stock solution was stored
at room temperature when not in use. The purpose of lanthanum chloride (LaCls)
was to correct the interferences caused by the AA Spectrophometer. LaCls was

added so it can complex with Ca to form stable compounds.
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4.4.3 Sodium cyanide solution

A stock solution was prepared by weighing 18.84 g of sodium cyanide into a 1000
mL and made to the mark using distilled water. Serial dilutions of stock solution
afforded the working solutions. The stock solution was stored at room temperature

when not in use.

4.4.4 Calcium chloride solution

A stock solution was prepared by weighing 27.69 g of calcium chloride into a 1000
mL and made to the mark using distilled water. Working solutions were prepared
daily from the stock solution through serial dilutions. The stock solution was stored
at room temperature when not in use. The purpose of calcium chloride was to

simulate the plant condition.

4.5 Preparations of buffer solution

Preparation of 0.1 M borate buffer was carried as follows; 3.09 g of boric acid
(H3BO3) with molecular mass of 61.83 g/mol was weighed together with 3.73 g of
potassium chloride (KCI) with molecular mass 74.56 g/mol and transferred into a
1000 mL volumetric flask. The pH of the solution was then adjusted to pH 10 with
sodium hydroxide (NaOH) and filled to the mark using distilled water. Buffer
solution was used to wet the carbon prior to use to displace the air entrapped in the

carbon.

4.6 Preparation of Macadamia activated carbons

4.6.1 Nitric acid modification

In the impregnation process, 10 g of AC was impregnated with 30 mL of HNOs

solution w/v (20%). The conical flask was enclosed with parafilm. Few holes were
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punched onto the parafilm in order to let the vapors evaporate. The mixture was
put onto a Protech 721 orbital shaker for 3 days to dissolve the solution. After
drying, the product was transferred to a Pyrex petridish. The petridish was weighed
before use. The chewy liquid product formed was further dried in the oven at 120°C
for 24 h. Thereafter, the impregnated AC was weighed and put into the muffle
furnace. After the AC was subjected to heat in the muffle furnace, the product was
neutralized with the buffer solution and washed with distilled water thoroughly.
The modified product was labeled MACN20%. The same procedure was followed
but using w/v (40 and 55%) of HNOs and the resulting products were labeled

MACN 0% and MACN559,

4.6.2 Phosphoric acid modification

The same procedure as stated in sub-section (4.6.1) was followed for the
modification of Macadamia activated carbon with phosphoric acid. The studied
concentrations were (20, 40 and 60%) w/v of H3POs The resultant modified

carbons were labeled as MACP20%, MACP409% and MACPs0%.

4.7 Adsorption Studies

4.7.1. Effect of dose of the adsorbent

Different amounts of activated carbon (1, 2, 3, and 4 g) were shaken for 60 min in
a 2.5 L stoppered bottles containing 1 L aliquots of 5.7 mg/L gold cyanide at room
temperature and at agitation rate of 150 rpm. The pH of the solution was adjusted
to 10.0 using 0.1 M NaOH. This pH was chosen based on the two preliminary batch
studies, where the activated carbon showed maximum adsorption around pH 10.

After 60 min, exactly 5 mL of samples were then pipetted into a 25 mL volumetric
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flask and to this 5 mL of lanthanum chloride was added. The residual gold

concentration in the solution was analysed using AAS.

4.7.2 Effect of initial concentration on adsorption of gold cyanide

The effect of initial concentration on the extraction of gold cyanide by activated
carbon was studied by shaking 1 g of material at room temperature for 60 min at
agitation speed of 150 rpm. The initial pH of the solutions was adjusted to pH 10
using sodium hydroxide and the range of initial gold cyanide concentrations
studied was 1, 2, 3, 4, 5 and 6 mg/L. The solution volume was again fixed to 1 L.
Concentration of un-adsorbed gold cyanide was determined by AAS. All the
experiments were conducted in duplicate and statistical methods were utilised to

determine the mean values and standard deviations.

4.7.3. Effect of agitation speed

The effect of agitation speed on the adsorption of gold cyanide ion onto activated
carbon was investigated by varying agitation speed 50-250 rpm for an hour. This
was achieved by shaking 4 g of activated carbon in a 2.5 L stoppered bottle
containing 1 L of 5.7 mg/L gold cyanide solutions. After 60 min, exactly 5 mL of
samples were then pipetted in a 25 mL volumetric flask and to this 5 mL of
lanthanum chloride was added. Two replicates were performed for each point. The

residual gold concentration in the solution was analysed using AAS.

4.7.4 Effect of contact time

The effect of contact time on the extraction of gold cyanide by activated carbon
was studied by shaking 4 g of activated carbon in 2.5 L stoppered bottles at room
temperature with solution containing 5.7 mg/L of gold cyanide at agitation rate of

150 rpm in duplicate. The time intervals investigated were 60, 120, 180, 240 and
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300 min. The solution volume used for such experiment was 1 L. After each

shaking time, the amount of un-adsorbed gold was measured as described earlier.

4.7.5. Selectivity on adsorption of gold (effect of interfering species)

The selectivity of the prepared activated carbons for gold among its competitors
was investigated in multi-element mixture analysis. The competitors examined
were Ni, Cu, Fe and Pb. In multielement analysis all the four cations together with
the gold were prepared in a single solution and the initial concentration of each
analyte was 6 mg/L. 4 g of activated carbon was shaken in 2.5 L stoppered bottles
at room temperature with solution containing 5.7 mg/L of gold cyanide and the
selected cations at agitation rate of 150 rpm. The experiments were performed in a
batch mode at optimum conditions and the remaining concentrations of each anion

were measured using AAS.

4.7.6. Reusability of HNO3 activated carbon

Regeneration of activated carbon was investigated by contacting 4 g of AC with
gold solution having an initial concentration of 6 mg/L for 6 h. Optimum conditions
obtained from other previous experiments were used for other variables. After
extraction and equilibration, the aqueous solution was filtered and the activated
carbon particles were transferred to another sample vial. To strip out the adsorbed
gold, activated carbon particles were boiled in HCI and agitated in a 1 L solution
of NaOH (0.1 M) and NaCN for 30 min. This was followed by filtration and
analysis of gold in the filtrate. The activated carbon particles were used for the next

adsorption for five cycles without any conditioning.

4.7.7 Application to real samples

The applicability of the prepared activated carbons for the removal of gold species
on real-world samples was carried out using a Barren sample solution from a gold
plant. The pH of these samples was measured and subsequently adjusted to pH 10
where needed. The concentration of other base metals like Ni, Cu, Pb and Fe was
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measured using an atomic absorption spectroscopy. For the experiment, 4 g of
activated carbon in 1000 mL of the above-mentioned solutions were agitated for 6
hin 2.5 L. The experiments were performed in a batch mode at optimum conditions
in duplicate and the remaining concentrations of each cation were measured using

AAS.

4.7.8 Equations used to treat the data

Batch adsorption studies for each experiment were performed by agitating
specified amounts of AC in plastic bottles containing a certain concentration and
volume of the analyte molecule. After a specified experimental time had lapsed,
some constants defining adsorption were calculated from such results. The
adsorption binding constants calculated in this study were the adsorption capacity
(Q, mg/g) as well as the percentage recovery (%R). Adsorption capacity of the
activated carbon for a specific analyte was measured and calculated by the

following equation (Birlik et al., 2007):

__ (Co—-Ce)V

0 = 0 (4.4)

w

Where, Co and Ce is the initial and final concentrations respectively (mg/L), V is
the volume of the solution used for the extraction (L) and W is the mass of the AC
used for recovery (g) . Percent recovery (%R) was calculated using the following
equation: where, all the terms have been previously described.

Co-Ce
%R =——x
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CHAPTER 5: RESULTS AND DISCUSSION

This chapter is divided into two subsections where Section 5.1, deals with H3PO4
modified activated carbons. The emphasis is on characterization, optimization of
certain parameters and, application to real samples. The performance of the HsPO4
modified activated carbons was compared to the virgin carbons derived from
Macadamia and coconut shells. Section 5.2, deals with HNOs modified activated
carbons. Again characterization, optimization of certain parameters, application to
real samples were looked into and these HNO3z modified activated carbons, where

again the same chemical attributes and performance were investigated in detail.

5.1 Modification of Macadamia activated carbons with phosphoric acid
A method adapted from Anisuzzaman et al. (2014) was used with modifications to
prepare phosphoric acid modified activated carbons. The Macadamia activated
carbons were modified with 3 different concentrations of phosphoric acid as
stipulated in the experimental section. The surface properties of all prepared
activated carbons were studied using various techniques and the results are
discussed below. In addition, their gold cyanide ion adsorptive properties were also

evaluated.

5.1.1 Instrumental characterization of phosphoric acid modified activated

carbons

5.1.1.1 Elemental analysis

Elemental analysis was carried out to obtain the recent compositions of C, N, H
and S atoms in the activated carbons (Table 5.1). After modification process with
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H3PO,, it was observed that the carbon content of the modified activated carbons,
(MACP20%, MACP40%, and MACPs0%) were lower than the unmodified activated
carbon (MAC). This was assigned to the fact that during the activation step, the
oxidation effect of H3PO4 involves an increase in O content and a decrease in C
content (Phan et al., 2006). The presence of oxygen leads to further decomposition
of secondary organic matter at higher temperatures and changes morphology of the
produced char, thus leaving a deep impact on the combustion characteristics (Lee
et al., 2014). In addition, the decrease in %C may possibly be due to increasing
oxygen and phosphorus content from HsPO4 addition (Myglovets et al., 2014) and
progressive formation of phosphates/polyphosphates which are bound to carbon
via C-O-P linkages within the temperature range of 500°C - 700°C. Similar results

were observed in a study done by Mopoung et al. (2016).

Table 5.1 Elemental analysis of activated carbons

Type of CHNS analysis (%)
carbon
C H N S o}

CAC 89.05 <0.1 0.17 <0.1 10,78
MAC 83.27 1.53 0.5 <0.1 14,7
MACP2,  79.66 1 <0.1 <0.1 19,34
MACP40, 81.66 <0.1 0.26 <0.1 18,08
MACPs0%w  78.22 <0.1 <0.1 <0.1 21,78

“Computed by difference

5.1.1.2 FTIR spectra of various activated carbons

Figure 5.1 shows the FTIR spectra of MAC, MACP20%, MACP40%, MACPg0y% and
CAC. It was observed that the spectra of the 5 types of adsorbents had a similar
backbone typical of activated carbon biomass. Major changes were observed at
approximately 3500, 1300 and 1000 cm™* wavenumbers. The band at about 3500
cm™? observed in MACP20% MAC and CAC was assigned to bonded and non-
bonded hydroxyl groups.
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The disappearance of this peak in MACP40% and MACPs0% could be attributed to
the elimination of hydroxyl in the presence of heat and H3zPO4 to form alkenes,
particularly in MACP40% where CHNS analysis showed a decrease in % oxygen.
Another notable change is the disappearing of the band at 1365 cm™ in MAC
attributed to C-OH of the carboxylic group. This was coupled by appearance of a
new band at about 985 cm™ in H3PO4 treated ACs attributed to C-O-C group. This
suggested that adjacent carboxylic acid and alcohol groups formed ester linkages
upon heating in the presence of an acid. In addition, slight variations in peak shape,
intensities and shifts between 1500 and 1000 cm™ for MACP 200 MACP409 and
MACPe0% illustrated that the different strengths of phosphoric acid yielded

materials of varying surface chemistry.
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5.1.1.3 Thermogravimetric analyses

Thermograms of MAC, CAC, MACP20%, MACP40% and MACPso are illustrated
in Figures 5.2 a-e. All TGA thermograms displayed a similar decomposition trend
with three weight loss stages. The initial weight loss which is the first step
represents weight loss of about (4-6%) in the temperature range 50-150°C. The
weight loss observed between 50 and 150°C was assigned to loss of moisture
content and this was estimated to 4% for MAC, 6% for CAC, 4.4% for MACP20%,

6.4% for MACP40% and 4.2% for MACPso%.

These results indicated that treatment of MAC with HzPO4 increased the moisture
content of the resulting carbon probably due to increased oxygenated groups which
will then form hydrogen bonds with water molecules. The steep weight loss of
about (7-10 %) was observed in a further rise in temperatures between 200-600°C
which was assigned to the gasification of volatile organic matter in charcoal. The
third weight loss was due to decomposition of AC structure and loss of a strongly
bound compound at temperature above 750°C. The functionalized ACs and the
coconut AC showed a higher percentage loss compared to the non-modified AC.

Similar steps of decomposition were reported in a study done by Gottipati (2012).
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Figure 5.2 Thermographs and derivatives weight loss graphs for CAC a), MAC b),
MACP20% ¢), MACP 00 d) and MACPsos €)

5.1.1.4 BET surface area determination

Table 5.2 shows the surface area, pore volume and pore size values for the CAC,
MAC and MACPso% materials. MACPgos exhibited the highest BET surface area
of 824 m2/g followed by CAC (788 m?/g) and lastly by MAC (545 m#/g). The same
trend was observed for the measurements of the single point surface area where the
MACPs0% Was found to have the highest surface area of 919 m2/g followed by CAC
with 840 m?/g and lastly MAC with 602 m?/g. The pore volume also followed the
same trend and the measurements were found to be 0.494, 0.476, and 0.354 cm?3/g
for CAC, MACPeo% and MAC respectively. The BET surface area values obtained
in this study were typical of activated carbon even though they were on the lower
range side. ACs are known to possess surface area values ranging from 600-1500
m?/g, but treatment of MAC with 60% H3PO. resulted in material with 824 m?/g

surface area.
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Table 5.2 BET surface area of various activated carbons

Type of
adsorbent Analysis done
BET Surface Area: Pore Volume Pore Size
(m?/g) (cm?/g) (nm)
CAC 788 0.476 2.416
MAC 546 0.354 2.590
MACPs0% 824 0.494 2.399

The increase in pore volume observed in MACPego% Was attributed to degradation
of the carbon structure with subsequent carbonization which causes charring and
aromatization of the carbon skeleton leading to creation of the porous structure (El-
Hendawy et al., 2001; Olivares-Marin, 2006). The pore size increased with the
decrease in surface area, that is, MAC had the highest pore size of 2.590 nm while
MACPe0% had the lowest pore size value of 2.399 nm. The higher BET surface area
and the pore volume, are desirable properties of ACs for effective adsorption

(Rosas et al., 2009).

5.1.1.5 SEM analysis of AC

The prepared activated carbons were examined by scanning electron microscope
(SEM) to analyse the surface morphology and textural qualities. SEM micrographs
of MAC, CAC and MACPeo are presented in Figure 5.3. The pores observed from
SEM images have a diameter in micrometer (um) range. Well-developed porous
surface was observed at higher magnification in the CAC and MACPgos% Which was
typical of activated carbon SEM images. It can be seen that there is a huge
difference in the morphological characteristics of the Macadamia activated carbon

before it was treated and after it was chemically treated with phosphoric acid. These
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results indicate that treating MAC with phosphoric acid led to the opening of pores.
MACPeo% displayed similar pore structure to CAC even though CAC seemed to
have wider pores. These observations are in agreement with the BET analysis
which indicated that MACPeo% and CAC had higher surface area than MAC due to

their porous nature.

.
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Figure 5.3 SEM images for CAC a), MAC b), and MACPso C)
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5.1.1.6 XRD analysis of ACs

Figure 5.4 shows the X-ray diffraction profiles of CAC, MAC, MACP20y,
MACP40y% and MACPs0%. All the carbon samples exhibited broad peak at 24°
which confirmed that the ACs had a predominantly amorphous structure. The
observed amorphousness of ACs is actually a good characteristic for porous
adsorbents (Tongpoothorn et al., 2011). Broad peaks found at around 24° for all
the samples suggested that the ACs were non-graphitized and could exhibit high
microporous structure (Zhao et al., 2009). These results were found to be in
agreement with the BET results for the phosphoric modified activated carbons.
Similar results were also observed in a study that was done by Ramakrishna et al.
(2012) where activated carbons modified with phosphoric acid were found to be

non-graphitized and having a high microporous structure.
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Figure 5.4. XRD patterns for CAC a), MAC b), MACP20% ¢), MACP40% d) and

MACPego% €).
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5.1.2 Physical characterization of phosphoric acid modified activated carbons

5.1.2.1 Ash content

Percentage ash content, moisture, volatile matter and attrition results are shown in
Table 5.3. The ash content of CAC, MAC, MACP20%, MACP40% and MACPgox%
was found to be 4.3, 4.7, 6.9, 10.7 and 14.2 % respectively (Table 5.3). It can be
observed that the ash content of MAC was slightly higher than that of CAC but
increased significantly following treatment with phosphoric acid. The ash content
of MAC increased with an increase in concentration of the modifying agent HsPOa.
Therefore, high ash content could be attributed to the residual of entrapped
dehydrated acid products (Girgis et al., 2002). Of the treated carbons only the

MACP20% was found to fall within the quality limits specification of ash content.

Table 5.3 Physical properties of phosphoric acid modified activated carbons.

Moisture  Ash Volatile Attrition

Type of carbon (%) (%) % %
Qufality specification limits for 0-15 0-10 0-40 0-2
activated carbon

CAC 0.4 4.3 4.6 0.25
MAC 0.7 4.7 11.7 0.79
MACP20% 3.0 6.9 14.7 3.27
MACP 0% 3.4 10.7 15.3 3.51
MACPs0% 4.4 14.2 16.3 4.80

5.1.2.2 Moisture content

The moisture content of MAC (0.7%) was closest to that of CAC (0.3%).
Modification of MAC with phosphoric acid increased the moisture content of
MAC. The moisture content of MACP20%, MACP40% , and MACPso% was 3.0, 3.4 ,

and 4.4%, respectively. Results show that moisture content increased as the
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impregnation ratio of modifying agents HsPO4 was increased. Madhavakrishnan et
al. (2008) suggested that no correlation between moisture content and adsorption
power of carbon existed. Too much moisture may lead to an incorrect solid-liquid
ratio dosages for industrial applications. Although the HzPOstreated AC had higher
moisture content compared to the MAC and CAC, it was found to still be within

the quality specification limits for activated carbon.

5.1.1.3 Volatile matter

Table 5.3 also shows the volatile content of activated carbons under study. The
volatile content of CAC was 4.6% while that of MAC, MACP20%, MACP40% and
MACPeg0% Was 11.7%, 14.7%, 15.3%, and 16.3%, respectively. Quality activated
carbons may have as high volatile content as 40%. Moreover, the higher the volatile
matter the better are its chances of being resistant to attrition. The same trend
observed in moisture content and ash content analysis was observed whereby

increases in impregnation led to an increase in volatile matter.

5.1.2.4 Attrition Content

The attrition content of MACP 200, MACP40% and MACPgos Was found to be higher
than 2% which is the quality specification limit for the mining industry. This makes
the H3POs4 undesirable in the usage on metallurgical plant. This is because these
activated carbons will break easily in the carbon in pulp circuit leading to them
being sieved through together with the residue material. This will result in the loss
of gold as these fine particles will be lost to the waste dams and fine particles of
carbon are known to adsorb gold quicker than the granules carbon due to improved

surface area.
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5.1.3 Optimization of adsorption parameters for gold cyanide uptake

5.1.3.1 Effect of adsorbent dose

The results obtained from the optimization of activated carbons sorbent dosage for
gold adsorption are showed in Figure 5.5. In all materials, the gold adsorption rate
increased steeply from 1 to 3 g and seemed to slow down from 3 to 4 g as it reached
saturation. It is known that free sorption surface and adsorption sites increase as
sorbent dosage is increased. This may lead to an increase in number of available
active adsorption sites for the same number of moles of gold species. As a result, 4
g was regarded as optimum sorbent dosage even though there was still an increase
in the adsorption rate for gold. Therefore, in the succeeding studies 4 g of activated
carbons were used. The adsorption efficiency increase in the order MAC<
MACP209% < MACP200:<MACPs0%< CAC. Nonetheless, the treatment of MAC with
increasing concentrations of H3PO4 produced an AC that was getting closer to the
quality of CAC in terms of gold adsorption mass of adsorbent. Similar observation
of increasing percentage adsorption with increase in sorbent dosage have been

made by numerous researchers.
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Figure 5.5 Effect of dose of adsorbent on gold adsorption. Solution pH 10; solution
volume, 1000 mL; contact time, 1 h; agitation speed used 150 rpm and initial

concentration of solution, 5.622 mg/L.

5.1.3.2 Effect of initial concentration

Optimization of gold initial concentration as a function of percentage adsorption is
illustrated in Figure 5.6a. All adsorbents under investigation exhibited a similar
trend. A decrease in the percentage of the removal of gold was observed as the
initial gold concentration in the solution was increased from 5.5 to 9.5 mg/L. This
was due to the fact that at lower concentration, the ratio of the initial moles of gold
species to the available adsorption sites was low and subsequently the fractional
adsorption became independent of initial concentration. While, at higher
concentration the available adsorption sites for adsorption become fewer compared
to the moles of gold species present and hence the percentage removal of gold was
dependent on the initial gold concentration. On the other hand an increase in the
initial concentration of gold led to an increase on the adsorption capacity of gold

on activated carbon.
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This showed that the initial gold concentration played an important role in the
adsorption capacity of gold on activated carbon. A maximum adsorption of gold
was seen at 5.5 mg/L in which it was observed from all the investigated carbons.
The adsorption percentage ranged from 70% to 90% and the specific adsorption
percentages were 70%, 74%, 76%, 82% and 91% for MAC, MACP20%, MACP 0%,
MACPe0%, and CAC, respectively. Again the same trend in terms of adsorption
efficiency was observed at lower concentrations where CAC showed highest
removal followed by MACPs0%, MACP40%, MACP20%, MAC in that order. That is,
modified MAC performed better than its pristine form signifying the importance
of secondary treatment in ACs. For subsequent experiments 5.5 mg/L was used
because of higher adsorption efficiency achieved by all adsorbents on this

concentration.
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Figure 5.6 Effect of initial concentration of gold on gold adsorption. a) rate of
adsorption and b) adsorption capacity. Solution pH 10; solution volume, 1000 mL;

contact time, 1 h, agitation speed used 150 rpm and dosage of carbon, 4 g.

5.1.3.3 Effect of agitation speed

The effect of shaking speed on the adsorbent/adsorbate system was investigated by
varying the agitation speed from 50-250 rpm whilst other parameters were kept
constant and the results are showed in Figure 5.7. The adsorption percentage was
found to increase rapidly from 50-150 rpm then slowed down almost reaching
equilibrium between 200-250 rpm. It was observed that some of the carbon
remained at the base of the bottle when the samples were agitated below 150 rpm
implying less contact between adsorbent and adsorbate and at 200-250 rpm the
bottles were shaking vigorously leading to spillages. The optimum shaking speed
was found to be 200 rpm but to avoid spillages in the succeeding studies only 150

rpm speed was used.

The observed increase in the percentage of adsorption of gold with shaking speed

can be assigned to the improvement in contact between the gold species in solution
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and the active sites on the carbons, thereby promoting effective transfer of
adsorbate ions to the adsorbent site. Similar results were obtained in a study done
by Soleimani et al. (2008) in which an increase in agitation speed led to an increase
in gold adsorption. MACPeoy Was again found displaying the highest adsorption
percentage compared to other MAC samples but it was still lower than that of CAC.
The order of percentage adsorption increased according to the following trend
MAC < MACP20% < MACP40%< MACPs0%<CAC. As a result, it can be observed
that the functionalization of MAC with phosphoric acid improved its adsorption

percentage for gold ions.
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Figure 5.7 Effect of initial agitation speed on gold adsorption. Solution pH 10;
solution volume, 1000 mL; contact time, 1 h, dosage of carbon, 4 g and

concentrations used were 5.7 mg/L.

5.1.3.4 Effect of contact time

Figure 5.8 shows the results obtained from varying the time during gold adsorption.
It was observed that the percentage adsorption of gold ions from solution increased
steeply as the time of agitation was increased from 1 to 4 h, for all adsorbents except
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MAC. From 4 to 6 h, the adsorbents seemed to have reached equilibrium. MAC
reached equilibrium between 5 to 6 h. The observed rapid increase in percentage
adsorption was initially because of the adsorption sites being more available for the
adsorbent-adsorbate interactions, resulting in higher adsorption rate. However, the
functional groups started to get saturated as the time increased beyond 5 h resulting
in lower adsorption rates and consequently equilibrium being reached. A similar
trend observed in the preceding studies whereby the order of adsorption below 2 h
was similar to the study of dosage, concentration and agitation speed effects was

noted.
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Figure 5.8 Effect of time on gold adsorption. Solution pH 10; solution volume,
1000 mL; contact time, 1 h, dosage of carbon, 4 g, agitation speed used 150 rpm

and concentrations used were 5.7 ppm.
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The MAC had the lowest adsorption followed by MACP20%, MACP 400, MACP 409,
and CAC. After 5 h all the carbons seemed to attain similar adsorption efficiency
and 6 h was regarded as the optimum time. The longer equilibration time observed
for pristine MAC compared to the modified MACs could be attributed to the
inaccessibility of MAC adsorption sites due to the closure of pores (Table 5.2,
lesser pore volume). SEM also revealed that modified MAC had improved pore

structure than virgin MAC.

5.1.3.5 Selectivity studies on adsorption of gold (effect of interfering species)

Metal ions that have similar or less ionic radii size as the gold ion were chosen for
selectivity studies. The metal ions selected were nickel (Ni: Aw 58.69 g/mol: ionic
radius 69 pm), lead (Pb: Aw 65.39 g/mol: ionic radius 74 pm), iron (Fe: Aw 55.85
g/mol: ionic radius 64 pm), and copper (Cu: Aw 63.55 g/mol: ionic radius 72 pm).
These metal ions were likely found to coexist with gold in the ore. The selectivity
of the activated carbons was tested using a mixture of 4 metal ions in solution
together with gold ions of about 6 mg/L solution containing Pb, Ni, Fe Cu and Au.
The experiments were done under optimum conditions of: time 6 h, pH 10,
adsorbent mass (4 g), 1000 mL solution volume and agitation speed of 150 rpm.
The concentration of the unadsorbed metal ions was determined by AAS. The
results are shown in Table 5.4. About 64% adsorption was achieved for MAC, 61%

for MACP20%, 61% for MACP40%, and 63% for MACPeo%, and 80% for CAC.

From the results, it can be observed that none of the activated carbons reached
100% adsorption percentage, and this indicated that the presence of other metal
ions lowered the percent adsorption of gold. The order of selectivity from the

examined metals displayed a similar trend to other experiments found in the
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literature on adsorption percentage with nickel being found to interfere the most
while copper interfered least for all the activated carbons investigated. Sayiner et
al. (2013) investigated the effect of silver, nickel and copper cyanides on gold
adsorption by activated carbons from leached samples. It was also observed that
nickel had a high percent adsorption as compared to the Cu which had the lowest.
This observation was assigned to the fact that Ni(CN)4 2 complex has 4 CN™ ions
compared to 2 CN~ in Ag(CN)?~ which resulted in higher hydration. Thus, it was
better dispersed in the solution without forming clusters which enabled the

adsorption on activated carbon (Yin et al., 2011).

Table 5.4 Effects of competing ions on gold adsorption

:\éls;als Percentage adsorption for the activated carbons (%)

CAC MAC MACP2% MACP40% MACPs%
Copper 3.95 6.67 9.09 5.39 8.67
Iron 4.26 17.21 8.22 5.79 4.41
Nickel 22.52 21.27  20.71 22.50 24.45
Lead 16.52 1453  18.61 19.46 17.80
Gold 80.76 64.24  60.83 60.96 62.82

5.1.3.6 Reusability of H3PO4 activated carbon

The results so far have demonstrated that MACPeoy had better adsorption
percentage for gold ion than other phosphoric acid modifications. Therefore, the
reusability studies were carried out using MACPsw MAC and CAC for
comparison. The results obtained from the investigation of ACs reusability
potential are displayed in Figure 5.9. It can be observed that the percentage
adsorption of CAC in the first cycle was 87%, and then it decreased to 83% in the
fifth cycle. On the other hand, the percentage adsorption of MACPsos% Was 77% in

the first cycle and decreased to 67% in the fifth cycle. MAC showed the lowest
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percent adsorption of 70% in the first cycle and 65% in the fifth cycle. Even though
MACPeo% exhibited lower percent adsorption than CAC, adsorption percentage
above 65% is regarded as satisfactory. Therefore, MACPsoy% showed satisfactory
adsorption percentage toward gold ion with loss of efficiency of only about 10% in

five cycles of adsorption and desorption.
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Figure 5.9 showing re-usability of the activated carbons. Solution pH 10; solution
volume, 1000 mL,; contact time, 1 h, dosage of carbon, 4g, agitation speed used

150 rpm and concentrations used were 5.7 mg/L.

5.1.3.7 Application of HsPO4 modified activated carbons on real sample

Barren samples were collected from West Wits Chemical Lab in western deep
levels Carletonville that is part of the Witwatersrand Basin in Johannesburg, South
Africa. A Barren sample is a solution from the smelt house from which gold has
been removed during a hydrometallurgical treatment. It is often recycled back to
the plant to be re-used in the process. The sample was analysed and found to
contain residual Au at low concentration of 5.876 mg/L, Ni (97.800 mg/L), Cu
(5.799 mg/L), Fe (4.12 mg/L) and (Pb 1.113 mg/L). The concentration of the

unabsorbed gold species in real samples was determined by AAS and the results
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are displayed in Figure 5.10. About 57% adsorption was achieved for MAC and

65% for MACPs0% and 74% for CAC.
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Figure 5.10 Application of ACs on real world samples. Solution pH 10; solution
volume, 1000 mL; contact time, 1 h, dosage of carbon, 4 g, agitation speed used
150 rpm and the initial concentrations measured were Au=5.876 Ni=97.8, Fe=4.12,
Cu=5.799 and Pb=1.113 mg/L.

5.1.3.8 Adsorption isotherms for H3PO4 ACs

An equilibrium isotherm is a mathematical expression relating the concentration of
the adsorbate in the liquid phase with the concentration of the adsorbate on the
adsorbent at constant temperature. The Langmuir and Freundlich models were used
to study the adsorption of gold cyanide ion on the AC and the results are displayed
on Table 5.5. The Langmuir model was first developed to describe the vapour
adsorption on homogeneous surfaces (Langmuir 1918). However, when used for
solid-liquid systems several assumptions have to be made. These assumptions are:
number of surface adsorption sites is fixed, adsorption involves a single monolayer,

adsorption behaviour is independent of surface coverage and all adsorption sites
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are represented by similar types of functional groups. The linearized Langmuir

equation is given by:

Ce _ Ce 1
qe - Qo bQo

Where, ge is the amount of solute adsorbed on the surface of adsorbent (mg/g), Ce
is the equilibrium gold cyanide concentration (mg/mL), Qo is the saturated
monolayer adsorption capacity (mg/g), and b is the Langmuir adsorption constant
(L/mg). A plot of Ce/ge versus Ce gives the values of Qo and b (Wang et al., 2009).
Freundlich adsorption isotherm which assumes a multilayer adsorption can be

given by the linearized form:

In ge = In Ky + = i
Where, K is the Freundlich constant, and n is the Freundlich exponent. The
experimental values for gexp and gmax are comparable. The summary of the results
obtained by fitting the experimental data to the two models is supplied in Table 5.5.
using the coefficient of determination error terms (R?), it can be observed that the
ACs followed different removal mechanisms. CAC fitted Freundlich (R?=0.936).
MACP20% and MACP 400 Were better described by the Langmuir fit while MACPgo%
followed Freundlich multilayer adsorption. The same mechanism displayed by
CAC and MACPso% could probably be the reason why MACPsgoy showed closer
percentage adsorption of gold ion to CAC compared to MACP20% and MACP 40%.
Increased n values indicated a rapid adsorption of Au on activated carbon. Similar

results were observed from a study done by Sayiner et al. (2013).
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Table 5.5 Langmuir and Freundlich adsorption isotherm for HzPO4

Adsorbents Langmuir Freundlich

Qm b R? Kr n R2

10.86  102.04 0.94 5.81 5.08 0.96
CAC

3.28 52.11 0.93 4.17 2.54 0.91
MAC

4.83 58.28 0.93 4.53 2.84 0.95
MACP20%

5.78 64.55 0.95 4.85 3.21 0.97
MACP 0%

6.7 71.03 0.97 5.21 3.58 0.96
MACPe&0%

5.1.3.8 Kinetic models for H3PO4 ACs

Data from the effect of contact time was fitted in the kinetic model to evaluate the
process of adsorption and the results are given in Table 5.6. Two most commonly
used rate models were investigated, pseudo-first-order and pseudo-second-order.

These models were used in their linearized form of, Eq. 5.3 and 5.4 respectively.

log(ge — q¢) = logqe —3 3:)3 ...................................................... (5.3)
t 1 1
T (5.4)

Where ki (1/min) is the pseudo-first-order rate constant of the adsorption process
and k2 (g/mg/min) is the pseudo-second-order rate constant, g: (mg/g) is the amount
of Au(CN)." adsorbed at any time t. The values of ge and k1 were calculated from
linearized form of equation 5.3. The slope and intercept from a graph of t/qt vs t
were used to calculate ge and kz, respectively. From the graphs, it was observed
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that correlation coefficient values R? of the pseudo-second order kinetics produced
better quality of linearization compared to the pseudo-first order kinetics. The
pseudo-second order gave adsorption data giving R? values that are very close to 1
This meant that adsorption of Au(CN)2" onto activated carbon was more of a
chemisorption.

Table 5.6 Kinetic models constants for H3PO4 AC

Kinetic

Models Parameters CAC MAC MACN2% MACN4ww MACNssy

Pseudo-

first

order k1 (min) 0.0168 0.0158 0.01737 0.01721 0.01699
Qe (cal)
(mg/g) 0.900 1.814 1.488 1.380 1.265
R?2 0.963 0.907 0.969 0.969 0.965

Pseudo-

second ko

order (9/mg/min) 0.1026 0.0311 0.04716 0.05376 0.06211
Qe(CaD
(mg/g) 1.429 1.457 1.454 1.448 1.441
R?2 0.999 0.988 0.996 0.997 0.997

5.2 Modification of Macadamia activated carbons with nitric acid

Following similar protocol that was used for HsPO4 modification, three adsorbents
modified with three different concentrations of HNOs were obtained. The
adsorbents were given the following acronym MACN20%, MACN40% and
MACNssg corresponding to 20% v/v, 40% v/v and 55% v/v concentrations of nitric
acid activating agent. The following subsection will discuss the characterization

and adsorption studies of these adsorbents.
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5.2.1 Instrumental characterization of HNO3z modified activated carbons

5.2.1.1 Elemental analysis

The percent carbon, hydrogen, nitrogen, sulphur and oxygen content for studied

ACs is shown in Table 5.7. The treatment of MAC with various concentrations of

HNO3 resulted in improved carbon content. The increase in carbon content was

attributed to the removal of oxygenated functional groups during modification. The

percentage carbon of MAC increased from 83.27% to 87.68% following treatment

with 55% (v/v) nitric acid. This accumulated to about 5% increase. Sharifan (2014)

noted that the increase in carbon content following carbonization was an indication

of non-carbon elements being released during pyrolisis. The C content of the

MACNss% was also found to be closer to that of CAC with just a difference of

about 1.5%. The oxygen content calculated by difference decreased as HNO3

concentrations increased.

Table 5.7: Elemental analysis of ACs

Type of CHN analysis
carbon (%)
C H N S o*

CAC 89.05 <0.1 0.17 <0.1 10.78
MAC 83.27 1.53 0.50 <0.1 14.70
MACN 00 86.3 1.05 0.19 <0.1 12,46
MACN0% 86.61 1.30 0.52 <0.1 11,57
MACNsso 87.68 <0.1 <0.1 <0.1 12,32

*computed by difference

5.2.1.1 FTIR Spectra of various activated carbons

Figure 5.10 shows the FTIR spectra of CAC, MAC, MACN20%, MACN40% and

MACNs0%. The FTIR spectra were found to not differ a lot due to similar chemical
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functionalities of ACs. However, some of differences or changes (peak shifts and
appearance of new peaks) as demonstrated by the markings at around 3500 cm,
1400 cm™ and 1000 cm™ were observed. Specifically, a broad band at 3400 cm™
assigned to OH" of alcohols was observed in MAC and CAC. The band is assigned
to bonded and non-bonded hydroxyl groups in treated MAC, particularly
MACNssy. In addition MAC and CAC exhibited a signal located at 1374 cm™ and
1366 cm™, respectively attributed to the C=0 vibration of carboxylate group.
Another notable change in the spectra is the presence of C-O-C band at 987, 985,
and 982 cm™ in MACN200, MACN.00 and MACNSssg, respectively. The absence of
clear OH" and carboxylate functional groups in nitric acid treated MAC, coupled
with presence of new ester bands suggested that there was a nucleophilic acyl
substitution reaction that produce esters on the surface of ACs. Furthermore, the
fact that the new C-O-C bands occurred at different wavenumbers implied that they
were in different chemical environments.

Therefore, one can conclude that the surface chemistries of MACN209% MACN 0%
and MACNssy, were different to one another and to that of MAC signifying a

successful modification.
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Figure 5.11 FTIR spectra of MAC (a), CAC (b), MACNss (), MACNA40% (d) and MACN-20% (e) adsorbents.
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5.2.1.3 Thermogravimetric analyses

Thermogravimetric analyses were conducted to determine the decomposition
patterns of AC samples. Thermograms and differential curves are depicted in
Figure 5.12 a-e. All samples showed a weight loss at about 100°C which accounted
for the loss of moisture. The estimated moisture contents were 4%, 10%, 2%, 8%,
and 4% for CAC, MAC, MACN20%, MACNa40% and MACNssy, respectively. The
second decomposition stage observed between 200-600°C was ascribed to the loss
of compounds organic matter of ACs. The final decomposition stage observed
beyond 750°C was attributed to the loss of strongly attached organic compounds
within the carbon matrix such as lignin. The functionalized ACs and the CAC

showed a high percentage loss compared to the MAC.
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Figure 5.12 Thermograms and derivative weight loss graphs for CAC a), MAC b),
MACN20% ¢), MACN409 d) and MACNssy, €) adsorbents.

5.2.1.4 BET surface determination of various carbons

The surface area, pore volume, and pore size of CAC, MAC and MACNssy are
illustrated in Table 5.8. CAC had the highest BET surface area of 788 m2/g but
treatment of MAC with 55% HNOz increased the surface area from 545 to 748 m2/g
a value that was closer to that of CAC. Macadamia based activated carbons have
been reported in literature to have BET surface area ranging from 600-1500 m?/g

(Pezoti et al., 2013, Dejang et al., 2015).
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The pore volume of pristine MAC increased from 0.354 cm3/g to 0.489 cm?3/g
which was very close to 0.476 cm?/g for CAC. The closeness of CAC to MACNss
BET surface area and pore volume values suggested that the two activated carbons
have similar physical characteristics. That is, treatment of MAC with 55% v/v
concentrated nitric acid produced a carbon with similar physical attributes to CAC.
Pore size of all three tested activated carbons were in the same range. The increase
in surface area following treatment of ACs, produced from different precursors,
with nitric acid has been observed by other researchers (Vasu 2008, Yavuz et al.
2014, Lopes et al., 2015).

Table 5.8 BET surface area of selected activated carbons (HNO3)

Type of BET Surface Area: Pore Volume .
Pore Size
adsorbent m?/g cmd/g
nm
CAC 788 0.476 2.416
MAC 546 0.354 2.59
MACNss0 748 0.489 2.613

5.2.1.5 XRD of selected activated carbons (HNO3)

The X-ray diffraction patterns for CAC, MAC, MACN20%, MACN4% and
MACNssy are depicted in Figure 5.13. The AC samples were found to have both
broad peaks and few sharp peaks which revealed a predominantly amorphous
structure. Zhao et al. (2009) pointed out a link between porous structures of
adsorbents and their amorphous structure which could be ideal for adsorption.
Similar to ACs modified with H3zPO4 stand out peaks were observed at 20= 24°,
37°, 44° and 77°. Broad peaks were also observed at around 24° for all the nitric
modified activated carbons just as it was in activated carbons modified with

phosphoric acid.
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This was to also indicate that the samples were also non-graphitized and have high
microporous structure (Zhao et al., 2009). Franklin, on the basis of XRD studies,
classified activated carbons into two types, based on their graphitizing ability
(Franklin, 1951). The non-graphitizing carbons are hard and show a well-
developed microporous structure due to the formation of strong cross-linking
between the neighbouring randomly oriented elementary crystallites. Whereas,
graphitizing carbons have weak cross-linking and had a less developed porous
structure (Bansal et al., 1988). Attrition studies were in agreement with the results
of nitric modified activated carbons being non-graphitizing carbons as they were

found to have high resistance to attrition.
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Figure 5.13 XRD patterns of CAC a), MAC b), MACNssy% ¢), MACNa4os% d) and
MACN:20% €) adsorbents.

5.2.1.6 SEM analysis of ACs
SEM images of untreated coconut activated carbon, untreated Macadamia
activated carbons and 55% (v/v) HNOs treated Macadamia activated carbon are
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presented in Figure 5.14. It can be observed that all the adsorbents possessed a
rough texture with heterogeneous surface and a variety of randomly distributed
pores. These pores are considered as channels to the microporous network. It was
also evident from the obtained SEM images that HNOsz modification was
responsible for altering the physical properties and porosity of the materials as there
are major differences from the surface morphologies for the untreated Macadamia
activated carbon and the HNOs treated Macadamia activated carbon. The surface
morphology of the untreated coconut activated carbon was similar to that 55%
nitric acid modified activated carbon. The similarity in pore structure for CAC and
MACNSssg could be linked to the BET surface area values obtained which were
closer to one another. Therefore, it shows that modification of MAC with 55%
concentrated nitric acid yielded a material with similar physical attributes to CAC.
Similar results were observed in a study done by Lopes et al. (2015) on the

modification of pristine Macadamia activated carbon with nitric acid.
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Figure 5.14 SEM images of for CAC (a), MAC (b) and MACNS55 %(c).
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5.2.2 Physical characterization of activated carbons
Ash content, moisture content, volatile matter, and attrition were determined and

the values are displayed in Table 5.9.

5.2.2.1 Ash content

The ash content for CAC, MAC, MACN20%, MACNa40% and MACNssy, was 4.3,
4.7, 6.2, 6.2 and 8.8 % (Table 5.9). Table 5.9 shows a trend of increasing ash
content with increasing concentration of modifying agents (HNO3z). Modification of
MAC with nitric acid resulted in a carbon with more inorganic material due to
extraction of organic components. That is, high ash content (6.2—8.8%) could be
attributed to the residual of entrapped dehydrated acid products (Girgis et al.,
2002). Even though the treated AC displayed higher ash content than both CAC

and MAC but it was still within the specified limits for mining applications.

Table 5.9 The summary of physical characterization ACs

Moisture Ash  Volatile Attrition

Type of carbon (%) (%) % %
Qu_ality specification limits for 0-15 0-10 0-40 0-5
activated carbon

CAC 0.4 4.3 4.6 0.25
MAC 0.7 4.7 11.7 0.79
MACN20% 2.1 6.2 12.4 1.14
MACNu40% 2.7 6.2 13.6 1.64
MACNs5% 2.3 8.8 14.1 1.87

5.2.2.2 Moisture content
The results of the moisture content investigated for the modification of MAC AC
with HNOz is illustrated on Table 5.9. MACN20% was found to have a moisture

content of 2.1% and the highest was 2.3% demonstrated by MACNsse% while MAC
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reported only 0.7% moisture content. An increase in impregnation ratio of
modifying agent HNO3 was found to increase the moisture content of the activated
carbon. Based on the study done by Madhavakrishnan et al. (2008), they suggested
that no correlation between moisture content and adsorption power of carbon
existed. Too much moisture may lead to incorrect solid-liquid ratio dosages for
industrial applications. The results showed that HNO3s modified AC had a higher
moisture content compared to the unmodified coconut activated carbon, but was

found to still be within the quality specification limits for activated carbon.

5.2.2.3 Volatile matter

The volatile content of quality activated carbons can go up to 40% and it is
perceived that the higher the volatile content of the activated carbon, the more it
will be resistant to attrition. This was the case with the HNOs modified activated
carbons as they were found to have a high volatile content of 12.4 % for MACN20%
13.65 for MACNu4o% and 14.1% for MACNss%. MAC was 3.3% and that of CAC
was 4.6%. Therefore, an increase in impregnation leads to an increase in volatile

matter.

5.2.2.4 Attrition Content

All of the carbon samples used in the research have attrition resistances well below
the 2% mark, an indication that the carbons have good attrition resistances. This is
particularly true for Macadamia carbon, coconut activated carbon samples and the
Macadamia carbon modified with HNOs which had an average percent attrition of
0.25, 0.78 and 1.87% respectively. The carbons make them desirable. The HNOs
modified AC had a high attrition content compared to the unmodified coconut

activated carbon, it is still within the quality specification limits for activated
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carbon. Hence the HNO3; modified AC can still be used as an alternative to the

commonly used coconut activated carbon.

5.2.3 Adsorption Studies

5.2.3.1 Effect of adsorbent dose

Figure 5.15 shows the results obtained from the optimization of activated carbons
sorbent dosage for gold adsorption. It can be observed that the amount of gold
adsorbed on activated carbon increased as the adsorbent dosage is increased from

1 to 4 g for all activated carbons investigated.

As the AC dose was increased, free sorption surface and adsorption sites also
increased and this lead to an increase in number of available active adsorption sites
for the same number of moles of gold species. However, the increase was less than
the lower masses, therefore, 4 g was regarded as optimum sorbent dosage even
though there was still an increase in the adsorption rate for gold. Thus, in the
succeeding studies 4 g of activated carbons were used. The HNO3z modified AC
adsorption rate was similar to the unmodified coconut activated carbon. MAC
showed the lowest adsorption rate, followed by MACN20% and MACN00%.
MACNss% showed the highest adsorption rate from all the three concentrations
studied and was almost overlapping with the CAC displaying similar

characteristics in terms of gold adsorption under the same conditions.
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Figure 5.15 Effect of dose of adsorbent on gold adsorbent. Solution pH 10; solution
volume, 1000 mL; contact time, 1 h, agitation speed used 150 rpm and initial

concentration of solution, 5.622 mg/L.

5.2.3.2Effect of initial gold concentration

Figure 5.16 shows the results obtained from the optimization of activated carbons
for the effect of initial concentration of gold. The percentage removal of gold
decreased as the initial gold concentration in the solution was increased from 5.5
to 9.5 mg/L (Figure 5.16a)). This was because at lower concentrations, the ratio of
the initial moles of gold species to the available adsorption sites was low and
subsequently the fractional adsorption becomes independent of initial
concentration. However, at higher concentration the available adsorption sites for
adsorption become fewer compared to the moles of gold species present and hence
the percentage removal of gold is dependent on the initial gold concentration. An
increase in the initial concentration of gold leads to an increase in the adsorption
of gold on activated carbon. This indicated that the initial gold concentration plays
an important role in the adsorption of gold on activated carbon. Maximum

adsorption was observed at 5.5 mg/L, which was observed for all the carbons. The
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adsorption rate ranged from 70% to 90% and the specific adsorption rates were
70%, 78%, 85%, 90% and 91% for MAC, MACN20%, MACN40%, MACNsse%, and
CAC. Therefore, it shows that MACNssy and CAC had similar adsorption
capabilities of gold under the tested conditions. MACNssy can be used as an

alternative to the commonly used coconut activated carbon.
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Figure 5.16 Effect of initial concentration on adsorption rate (a) and adsorption
capacity (b). (conditions: Solution pH 10; solution volume, 1000 mL; contact time,

1 h, agitation speed used 150 rpm and dosage of carbon, 4 g).
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5.2.3.3 Effect of agitation

Figure 5.17 illustrates the effect of shaking speed which was investigated by
varying the agitation speed from 50-250 rpm whilst other parameters were kept
constant. Adsorption percentage steeply increased from 50-150 rpm then slowed
down almost reaching equilibrium between 200-250 rpm. Below 150 rpm it was
observed that some of the carbon remained at the base of the bottle implying less
contact and at 200-250 rpm the bottles were shaking vigorously leading to
spillages. The optimum shaking speed was found to be 200 rpm. However, in the
succeeding studies only 150 rpm speed was used to avoid spillages. The observed
increase in the percentage of adsorption of gold with shaking speed can be
attributed to the improvement in contact between the gold species in solution and
the active sites on the carbons, thereby promoting effective transfer of adsorbate
ions to the adsorbent site. MACNssy, and CAC were overlapping and displaying the
highest adsorption percentage compared to other carbons. The order of percentage
of adsorption decreased according to the following trend CAC = MACNsse>
MACN0%> MACN20%> MAC. Therefore, functionalization of MAC with nitric

acid improved its adsorption percentage for gold ions.
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Figure 5.17 Effect of initial agitation speed on gold adsorption. Solution pH 10;
solution volume, 1000 mL; contact time, 1 h, dosage of carbon, 4 g and

concentration used was 5.7 mg/L.

5.2.3.4 Effect of contact time

The results obtained from varying the time during gold adsorption are displayed in
Figure 5.18. The percentage removal of gold ions from solution increased rapidly
as the time of agitation was increased from 1 to 5 h, and then slowed down from 5
to 6 h as it attains equilibrium for all the carbons investigated. The observed rapid
increase in rate of adsorption initially was because the adsorption sites were more
available for the adsorbent-adsorbate interactions, resulting in higher adsorption
rate. However, the functional groups started to get saturated as the time increased
beyond 5 h resulting in lower adsorption rates and consequently equilibrium.
Again, the order of adsorption below 2 h was similar to the study of dosage,
concentration and agitation speed effects in that MAC had the lowest adsorption
followed by MACN200%, MACNa0%, and CAC *<MACNssg. After 5 h all the carbons
seemed to attain similar adsorption capacity and 6 h was regarded as the optimum

time.
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Figure 5.18 Effect of time on gold adsorption. Solution pH 10; solution volume,
1000 mL; contact time, 1 h, dosage of carbon, 4 g, agitation speed used 150 rpm

and concentrations used were 5.7 mg/L.

5.2.3.5 Selectivity on adsorption of gold (effect of interfering species)

Selectivity studies was done by selecting metals with similar or less size as the gold
ion. These metals included nickel (Ni: Aw 58.69 g mol™: ionic radius 69 pm), lead
(Pb: Aw 65.39 g mol*: ionic radius 74 pm), iron (Fe: Aw 55.85 g mol™*: ionic radius
64 pm), and copper (Cu: Aw 63.55 g mol™: ionic radius 72 pm). A mixture
containing 4 metal ions in solution together with gold ions of about 6 mg/L solution
containing Pb, Ni, Fe Cu and Au was used to investigate the selectivity of the
activated carbons. The parameters that were used for the experiment were: time 6
h, pH 10, mass of adsorbent 4 g and 1000 mL for the volume of solution used at
agitation speed of 150 rpm. Atomic absorption spectroscopy was used to determine
the concentration of the unabsorbed metal ions. The obtained results are illustrated

in Table 5.10.
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Table 5.10 Effects of competing ions on gold adsorption

Metals Adsorption percentage for the activated carbons %
absorbed
CAC MAC MACN2% MACNw09% MACNSss%

Copper 3.9 6.6 51 5.9 7.2
Iron 43 172 113 9.4 7.9
Nickel 22.5 21.3 16.2 194 17.5
Lead 16.5 145 14.3 16.5 14.9
Gold 80.8 64.2 69.7 72.5 73.6

The activated carbons were found to have adsorption percentage that was lower
than 100% which indicated that the presence of other metals lower the adsorption
rate of gold when present in the solution. About 64% adsorption was achieved for
MAC, 62% for MACN20%, 72% MACNa40%, and 73% for MACNssy and 80% for
CAC. The order of selectivity from the examined selective sorption of heavy metals
displayed a similar trend to other experiments on adsorption percentage. Amongst
the interfering metals that were selected, copper was found to interfere the least
and nickel was found to interfere the most for all the activated carbons that were
investigated. Similar results were observed from a study done by Sayiner et al.
(2013) who investigated the effect of silver, nickel and copper cyanides on gold
adsorption by activated carbons from leached samples. The observed results were
that nickel had a high adsorption rate as compared to the copper which had the

lowest adsorption rate.
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5.2.3.6 Reusability of HNOs activated carbon

It can be observed from the result of the studies that have been done so far that
MACNssy demonstrated higher adsorption capabilities as compared to other nitric
acid modifications. As a result the investigation of reusability of the ACs were
carried out using MACNss%, MAC and CAC for comparison. The results are
illustrated in Figure 5.19. A higher than 80% adsorption efficiency was achieved
in about 5 cycles for the MACNsse%, which was almost the same as that of CAC.
This led to the conclusion that the HNO3z modified AC can be used as an alternative

to the commonly used coconut activated carbon.
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Figure 5.19 shows results for the re-usability of the activated carbons. Solution pH
10; solution volume, 1000 mL; contact time, 1 h, dosage of carbon, 4 g, agitation

speed used 150 rpm and concentrations used were 5.7 mg/L.

5.2.3.7 Application of HNO3 modified activated carbons on real sample

The applicability of the prepared activated carbons for the removal of gold species
on real-world samples was carried out using a Barren sample solution from West
Wits Chemical Lab. Atomic absorption spectroscopy was used to determine the

total metal content of the samples and the results were 5.876 mg/L for Au, 97.800
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mg/L for Ni, 4.121 mg/L for Fe, 5.799 mg/L for Cu and 1.113 mg/L for Pb. The
pH of the barren sample was measured and adjusted to 10 and the adsorption of
gold was carried out in a batch mode. The test parameters were: time 6 h, pH 10,
mass of adsorbent 4 g and 1000 mL for the volume of solution used at agitation
speed of 150 rpm. Atomic Absorption Spectroscopy was used to determine the
concentration of the unabsorbed gold species in real samples. The results are
illustrated in Figure 5.20. About 55% adsorption was achieved for MAC and 74%

for MACNB5se and CAC.

The adsorption percentage removal for the 3 carbons investigated in this study
displayed similar results to those which were observed in the study of interfering
species. This was due to the fact that real samples (barren solution) contained the
same metal species such as Ni, Cu, Pb and Fe which were selected for the study of
interfering species. It can be observed that none of the activated carbons reached
100% adsorption percentage from barren samples. This proved that the adsorption
rate of gold in the presence of other metals does indeed decrease. The MACNssy
proved to have similar adsorption capabilities in all the studies done, this shows
that it can be used as an alternative to the CAC that is currently being used in the

mining industries.
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Figure 5.20 shows results for the application on real sample of the activated
carbons. Solution pH 10; solution volume, 1000 mL; contact time, 1 h, dosage of
carbon, 4 g, agitation speed used 150rpm and the initial concentrations measured
were Au=5.876 Ni=97.8, Fe=4.121, Cu=5.799 and Pb=1.113 mg/L.

5.2.3.8 Adsorption isotherms for HNO3z ACs

The most widely used isotherm for the adsorption of gold onto activated carbon is
the Freundlich and the Langmuir isotherm, and the equations were given in section
(5.1.3.8). Table 5.11 shows the results of the equilibrium constants for the
Freundlich and the Langmuir isotherm fitted to the experimental data. The R?
values for both Langmuir and Freundlich models were found to fit well to the
adsorption data in which the R? values were found to be very close to 1. Model
parameters k and n were found by a non-linear regression analysis. The observed
increase of n values was assigned to a rapid adsorption of Au on activated carbon.
Similar results were reported from a study done by Snyders (2015) who observed
that direct comparison to gold isotherms found in literature is, however, difficult at
best because of the many factors that affect the adsorption of metal cyanide
complexes such as the activity of the activated carbon used, the adsorption

equipment and stream constituents like pH and cyanide.
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Table 5.11 Langmuir and Freundlich isotherms constants for HsPOa.

Adsorbents Langmuir Freundlich

Qm b R? Kr n R?
CAC 10.86 102.05 0.94 5.81 5.08 0.96
MAC 3.28 52.11 0.93 4.17 2.54 0.91
MACN 983 67.38 0.96 5.81 5.08 0.97
MACN4, 831 83.73 0.95 5.44 4.06 0.96
MACNssy,  10.41 99.34 0.96 5.79 4.9 0.97

5.2.3.8 Kinetic models for HNO3; ACs

The correlation coefficient values for the pseudo-first and second order kinetics

were calculated from the linearized equation 5.3 and 5.4 and the results are given

in Table 5.12. From the results, it was observed that correlation coefficient values

of the pseudo-second order Kinetics produced better quality of linearization

compared to those of pseudo-first order kinetics as they were found to be closer to

1. A pseudo-second order further suggested that the type of interaction between

AuU(CN)2" and the adsorbent surface of all the activated carbons was chemisorption.

Table 5.12 Kinetic Models constants for HNO3 ACs

Kinetic

Models Parameters CAC MAC MACN2% MACN4ww MACNss%

Pseudo-

first

order k1 (min) 0.0168 0.0158 0.01787 0.01777 0.01684
Qe (cal)
(mg/g) 0.900 1.814 1.057 0.920 0.773
R?2 0.963 0.907 0.971 0.941 0.948

Pseudo-

second ko

order (g/mg/min) 0.1026 0.0311 0.07153 0.09175 0.12461
Qe (cal)
(mg/g) 1.429  1.457 1.445 1.436 1.427
R2 0.999 0.988 0.998 0.999 0.999
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CHAPTER 6: CONCLUSIONS AND FUTURE PERSPECTIVE

6.0 Summary

The focus of this research was to conduct a study in which activated carbons
derived from Macadamia nut-shells were used in the recovery of gold. These
activated carbons have undergone a secondary treatment using different
concentrations of HNOz and HsPOa to improve their surface adsorption properties.
This was done in order to explore if these activated carbons prepared from
Macadamia shells could be an attractive alternative or a complementary
supplement to the coconut shell based carbons that are currently being used in the
gold extraction industry. The modification of the commercially prepared
Macadamia activated carbons was done with 3 different concentrations for both
nitric acid and phosphoric acid. Physical characterization was done on the activated
carbons by determining attrition, ash content, volatile matter, and moisture content
of all the activated carbons. Various techniques which included elemental analysis;
Fourier transform infrared spectroscopy (FTIR), thermo gravimetric analysis
(TGA), Brunauer-Emmett-Teller (BET) and scanning electron microscopy (SEM)
were used for further characterization of the modified Macadamia and coconut
activated carbons. The adsorption capacity of the activated carbons was
investigated. This was done by studying the effect of various parameters such as
the effect of initial concentration, time, agitation speed, interfering species and
adsorbent dose on the adsorption of gold by the ACs. Further, re-usability studies

and subsequent application on real-world samples were also investigated.
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6.1. Conclusions

Based on the detailed experimental investigation the conclusions derived at are as

follows:

This study demonstrated a successful preparation of phosphoric and nitric
modified activated carbons

The functional groups that were observed from the various nitric and phosphoric
modified activated carbons indicated that the aim of increasing the oxygen content
on the unmodified Macadamia activated carbon was achieved.

The TGA thermograms showed that the modified Macadamia ACs showed a high
percentage loss of weight compared to the non-modified AC which attributes to
high adsorption properties due to the increase in the pore volume. Generally, the
higher the BET surface area and the pore volume, the higher the effectiveness of
the activated carbon adsorbing gold ion. Increase in concentration of nitric acid and
phosphoric acid produced ACs with higher BET surface areas and pore volume
than unmodified ACs.

The phosphoric acid modified activated carbons were found to have ash content
that is higher than the quality specification limits for activated carbon which is
between 0-10% whilst the nitric acid modified activated carbons were found to be
within limits.

Both the nitric and phosphoric acid modified activated carbons were found to have
moisture content that was within the quality specification limits for activated
carbon of 0-15%. This was critical as excess moisture content in the activated

carbon leads to an incorrect solid-liquid ratio dosage for industrial applications.
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The volatile content of a quality activated carbons is perceived suitable even if it
goes up to 40% but all ACs under study exhibited volatile content well below 40%.
The higher volatile content is also related to the ability of ACs to resist attrition.
All nitric acid modification forms had attrition percentage that was less than 2%.
This implied that they were not easily broken and therefore the chances of losing
gold through seapage with finer particles of ACS will be minimal. Contrary,
phosphoric acid modified activated carbons were found to have high attrition rate
which rendered them undesirably for use in the mining industry.

The MACPso% Was found to be the most effective from the three concentrations
investigated for the phosphoric acid modified activated carbons in all the
adsorption studies yet proved to have lower adsorption capabilities compared to
those of CAC.

The MACNssy was found to be the most effective from the three modification of
nitric acid and was found to have similar adsorption capabilities with those of CAC

in all adsorption studies.

6.2 General conclusion

From the various conclusions brought forward in the preceding section, it is clear
that the phosphoric modified activated carbons cannot be used as an alternative to
the current CAC being used in the mining industry. However, the MACNssq, proved
that it can be attractive alternative or a complementary supplement to the coconut

shell based carbons that are currently being used in the gold extraction industry.

6.3 Recommendations

The future work emanating from this study, include the production of ACs with

even better surface characteristics through different routes such as physical
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activation, two stage activation and microwave heating etc which can be compared
with the results obtained with chemical activation.

Saving costs mainly depends on the selection of raw material and method of
preparation of AC. Thus, the cost estimation should be carried out to evaluate the
potential application of the adsorbent in actual practice.

Detailed research on desorption of gold and regeneration of AC is essential to
evaluate the efficiency of the process which needs an immediate attention.

Carbon in pulp studies should be carried out to test the suitability of prepared nitric
modified AC as adsorbent in metallurgical plants for gold recovery.

Further modifications of ACs, with organic ligands to improve the selectivity of
gold abstraction since gold is likely to be present in ore with other base metals just

as Ni, Pb, Fe, and Cu.
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