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Abstract 
The provision and demand for safe water continues to be a major aspect for 
governments worldwide as the population continues to grow accompanied by 
an increase in anthropogenic activities that contaminate water bodies. The 
common contaminants are the negatively charged ions such as sulfates, posi-
tive ions like heavy metals and organic molecules like dyes and phenols. Al-
though, various methods exist for purification of wastewater, the adsorption 
process is a low cost method that uses readily available adsorbents. Activated 
carbon, although costly for developing countries, is still the most efficient 
adsorbent for a variety of substances. However, low cost adsorbents derived 
from biowaste have being actively explored in water purification. Photocata-
lytic nanostructured adsorbents not only play a bifunctional role in adsorbing 
contaminants but also are able to decompose organic pollutants in water us-
ing sunlight. The engineering of naturally abundant clay in most developing 
countries offers an even inexpensive way to clean-up wastewater. 
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1. Introduction 

Water is an important natural resource for human, animal, plant and aquatic life 
on earth and any contamination of it has considerable negative impacts on the 
environment. Unfortunately, industrialization and a boom in the world popula-
tion have lead to a severe compromise in the integrity of water resource due to 
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unchecked disposal of wastewater from these activities. Mining, agricultural, 
pharmaceutical and textile industrial activities accidentally or deliberately in-
troduce a variety of inorganic and organic pollutants into water systems chang-
ing the quality of water system that ecological life depends on [1] [2] [3] [4]. In 
addition sewage contamination of water occurs from raw sewage overflow, leak-
ing sewer lines or partially treated waste water. Excess rain or bust of sewer lines 
consequently leads to dumping of sewage in flowing river systems and/or un-
derground water points [5]. In developing countries with poor water treatment 
processes and rural areas, the sewage pollution of water is a major cause of wa-
ter-borne diseases such as cholera, typhoid and dysentery. 

In order to mitigate water pollutants, several methods such as filtration, sol-
vent extraction, ion exchange, chemical oxidation and precipitation, coagulation, 
floatation, sedimentation and membrane process are used [6]. The success of 
each method is hampered by the inherent shortfall for each method. For in-
stance, in chemical oxidation, the use of chlorine causes unavoidable side prod-
ucts and metal corrosion of the oxidation tower units. In filtration, although 
only small space and low pressures are needed, the energy demand is very high 
[7] [8]. In lieu of the above methods, adsorption process, a well-known method 
for large-scale gas separation and industrial catalysis, has over the years garned 
momenta towards mitigation of polluted water.  

Adsorption materials are thermally stable and easy to prepare while the ad-
sorption process is simple to design and operate. In addition, the process does 
not produce redundant side-products and the solid materials can be regenerated 
by thermal desorption [9]. Adsorption is a process when a material, the adsor-
bate (being adsorbed), builds-up either on the surface of a material or accumu-
lates within the pores of the solid material (the adsorbent). The interaction of the 
adsorbate and the adsorbent can occur by either physical or chemical forces. In 
physical adsorption (physisorption) the dominant forces of interaction are the 
Van der Waals forces; in contrast, chemisorption involves interaction of the ad-
sorbent with adsorbate by chemical forces as shown in Figure 1. Generally, ad-
sorbents are high surface area and porous materials used in catalysis, molecular 
separation, and gas storage. The pore sizes range from 2 - 5 nm for micropores, 
5 - 50 nm for mesopores and 50 - 100 nm for macropores. The high surface areas 
allows for a large number of the adsorptive to be trapped or stuck on the adsor-
bate. Further, the high porosity ensures facile mass transfer of materials within 
the pores i.e. faster kinetics for the removal of pollutants. 

Types of Adsorbents 

Natural adsorbents such as coal, zeolites, clay, and wood and have been used in 
removal of cations, dyes, and organic compounds from wastewater as reviewed 
in [10]. These adsorbents exist in abundant supply and offer a cheap and con-
stant supply of raw material. However, the cost associated with the processing of 
these adsorbents limits wide-scale application in developing countries. Agriculture  
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Figure 1. (a) Depiction of physisorption and chemisorp-
tion interaction between the substrate surface (adsor-
bent) and the adsorbate molecules (Adapted from  
https://hub.globalccsinstitute.com/publications/co2-capt
ure-technologies-post-combustion-capture-pcc/adsorpti
on). 

 
waste such as shells and peels from fruits as well as industrial waste like fly ash 
and bottom ash are another source of cheaper and readily available adsorbents 
for waste-water treatment [11]. Another review in [12] draws attention to a va-
riety of adsorbents such as agricultural waste products, biomass based activated 
carbon, natural clay, metal oxide nanomaterials; nitrides of boron as well such 
carbon based adsorbents have been used in waste-water treatment. The amount 
of adsorbed pollutants generally increases with pH, contact time, agitation rate 
as well as an increase in temperature and the adsorbent dose. In most cases, the 
choice of a suitable adsorbent will depend on cost consideration. 

Although, extensive research has been conducted on adsorbents in water 
treatment, this article highlights application of selected adsorbents in removal of 
undesirable compounds from water by the adsorption process. Activated carbon 
offers superior adsorption associated with its structural integrity and from these 
properties other selected adsorbents discussed here have been engineered to im-
prove adsorption capacity. For a developing country like Zambia and particular-
ly the Copperbelt Province where there is lots of production of heavy metals 
from copper mining activities, the development and use of low cost farm-waste 
and locally abundant clay would be advantageous in the treatment of mine water 
tailings. Additionally, most rivers in Zambia are continuously choked by the 
unchecked discharge of effluent from sewers, fertilizers leading to overgrowth of 
algae that cokes fresh water systems [13]. The engineering of locally abundant 
clay to not only adsorbed but photo-decompose algae would be productive. 

2. Engineered Natural Adsorbents 
2.1. Activated Carbon 

Activated carbons (AC) are non-polar solids prepared by activation and calcina-
tion of materials rich in carbon such as animal, plant, or mineral origin into ac-
tivated carbon. A review by Mohammad-Khah and Ansari [14] provides greater 
details on the preparation and characterization of activated carbon from a varie-
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ty of organic sources like are wood, charcoal, nut shells, coals, bone paper-waste, 
and synthetic polymers. The authors have indicated that AC can be made by 
physical or chemical activation depending on the source of the raw material and 
the desired texture of the AC. The physical activation method is often employed 
because it’s easy and requires less handling of the material. In this process, the 
raw material is initially carbonized at 450˚C to eliminate the bulk of the volatile 
matter. Then the carbon is heated in the presence of either carbon dioxide or 
steam at 900˚C or with air at low temperature. 

In general, AC is the bench-mark adsorbent to which other adsorbents are 
compared. AC shows very high surface areas up to 2000 g/m2 and has high in-
ternal porosity which is desirable parameters for adsorption and retention of 
undesired matter inorganic, biological and organic waste from wastewater. Be-
cause of the different pore sizes, different sizes of molecular pollutants can be 
filtered out by adsorption to the carbon surface (Figure 2). Granular activated 
carbon (GAC) and powdered activated carbon (PAC) are commonly used in 
water treatment with GAC having a large particle size compared to PAC. Spent 
activated carbon can be regenerated by annealing to drive off adsorbent waste 
and recycled in the filtration process. 

One major disadvantage of AC is the low adsorption capacity for metal ions 
due to the hydrophobic nature of AC. To overcome this deficiency, AC is chem-
ically modified with chelating groups and/or polar groups to increase the bind-
ing effect with cations [14] [15]. Although PAC is often used due to a low initial 
cost, it becomes costly in operational processes and is very difficult to regene-
rate. On the other hand, GAC has a huge start-up cost but can be utilized over a 
long period of time with little maintenance and spent GAC can be regenerated 
[16] [17]. 

Applications in Water Treatment 
Activated carbons are widely used in removal of organic pollutants and heavy 
metals from wastewater. In the removal of various organic compounds, it has 
been suggested that using activated carbon with oxygen surfaces is suitable from 
removing polar organic pollutants. Whilst, using activated carbon deficient of 
surface oxygen’s is suitable for removing non-polar organic compounds. Acti-
vated carbon has been widely used to remove dyes and a variety of phenol con-
taining molecules from waste water. It is postulated that the oxygen groups on 
the carbon surface interact with the aromatic ring of the organic groups via a 
complex donor-acceptor mechanism [10]. 

Dyes are known carcinogenic and are hard to decompose by bacteria in water 
as well as being photo-stable and resistant to natural oxidation. Physical adsorp-
tion using activated carbon has been shown to successfully remove different dyes 
in wastewaters originating from textile and paper industries. In a 2013 review, 
wood bottom ash and fly ash were used to remove dyes such as Congo red and 
methylene blue. Furthermore, activated carbon and wood charcoal were re-
ported to remove 98% and 90% phenol from water, respectively. Activated  
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Figure 2. Physical morphology of activated carbon 
matrix. Source:  
http://biomassproject.blogspot.com/2017/02/activated-
carbon-production-from.html. 

 
carbon is also used to remove heavy metals but the degree of adsorption varies 
depending on the nature of the activated carbon. Since activated carbon is hy-
drophobic, the efficiency of removing metal ions from aqueous (water) medium 
is very poor. 

To improve the adsorption of solution heavy metal salts, the hydrophobic 
surface of active carbon is pretreated with chelating groups that will anchor the 
metal ions from wastewater. Several metal ions such as Ni2+, Co2+, Cd2+, Cu2+, 
Pb2+, Cr2+ have been show to adsorb on AC as a function of pH of the water. In 
one case carcinogenic Cr6+ ion could only be removed under acidic conditions 
[10] [11] [18]. 

2.2. Clay and Kaolin 

Natural clays are attractive adsorbents being low cost and abundant in the earth, 
with very high internal surface area and high porosities. The structure of clay is 
composed of numerous tetrahedral and octahedral layers of Si, Al, Mg and layers 
of oxygen, hydroxyl groups, respectively (Figure 3). These layers are separated 
by pockets of interlayer space with either positively charged (excess Si, Al, or 
Mg) or negatively charged (excess oxygen, hydroxyl) dangling surface groups. 
The interlayer spacing’s are prime for adsorption of unwanted cations, anions or 
other molecules from contaminated water. The adsorption capacity of clay de-
pends on the degree of the charges on the clay surface as well as the ions balanc-
ing the excess charges. The clays can adsorb a range of compounds such as pes-
ticides, herbicides, pathogens and inorganic 2

4SO − , 3
4PO − , and 3NO−  anions 

and heavy metals cations [19]. 
Grassi et al. (2012) and Gupta et al. (2009) reported a number of different 

types of clay exist but montmorillonite, bentonite and kaolinite have been used 
often in removal of organic species from water. The major differences lies in the 
percentage composition of Al2O and SiO2 layers in each type of clay as shown in 
Table 1. Montmorillonite contains the surface with the lowest positive charge  
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Figure 3. Typical structure of natural clay (image adapted from  
https://www.jpl.nasa.gov/spaceimages/details.php?id=PIA17598. 

 
Table 1. Ratio of alumina and silica in the selected clays*. 

Clay Type % Al2O3 % SiO2 

Montmorillonite 19 44 

Bentonite 33 54 

Kaolinite 40 47 

*http://webmineral.com/.  

 
while kaolinite has the highest positive surface with excess Al3+ units. Bentonite 
has an overall net charge because the Al3+ are substituted by Fe2+ or Mg+2 in the 
octahedral sites while the Si4+ are substituted by Al3+ in the tetrahedral sites [20] 
[21]. 

Applications in Water Treatment 
The investigation of montmorillonite, bentonite and kaolinite in waste water 
treatment has been reported. Syafalni and coworkers observed that bentonite 
was a good adsorbent for removal of organic matter as evidenced by removal of 
about 75% chemical oxygen demand (COD) under acidic conditions. The au-
thors further noted that a combination of bentonite with limestone improved 
the adsorption capacity of the composite bentonite [22]. An investigation by 
Banat et al. showed limited potential of removal of phenol dye using bentonite 
and the adsorption capacity for phenol increased with a decrease in the pH [23]. 
Other researchers investigated removal of amoxicillin antibiotic from water us-
ing bentonite and observed like others, that the adsorption of the antibiotic in-
creased with a decrease in pH. About 88% of the drug was removed and this was 
compared with activated carbon, although AC adsorption was much faster hav-
ing a very high surface area compared to the clay [24]. 

Gupta and Bhattacharyya reported the potential of kaolinite, montmorillonite 
and the acid-active forms to remove divalent Cd and Pb ions from spiked water. 
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They observed that montmorillonite was better at retaining the cations com-
pared to kaolinite and for both clays the adsorption capacity increased after acid 
activation [25]. Hascakir and Dolgen used kaolinite to test the removal of or-
ganic matter determined by measuring the COD parameter. They noted that up 
to 80% organic matter was removed when kaolinite was used as a flocculant and 
alum as a coagulant. In the case of industrial wastewater, 96% COD removal was 
achieved by using only kaolinite as a coagulant [26]. 

2.3. Farm-Waste as Adsorbents 

A detailed review article by Bhatnagar and Sillanpää [27] and De Gisi et al. [28] 
shows a variety of farm waste products ranging from shells, husk, fruits, to stems, 
coconuts, mangos and bananas peels. A common feature is the existence of a va-
riety of functional groups such as the hydroxyl groups inherent in the chemical 
composition of the waste capable of binding pollutants in water. The waste is often 
physically or chemically modified to enhance the adsorption capacity by increas-
ing the surface area and reactive surface groups. As described in Acharya et al. [29] 
chemical modification of farm-waste adsorbents helps to get rid of soluble organic 
compounds, thus enhancing the chelating effect especially needed for metal ad-
sorption. The abundance of agriculture waste around offers a readily available raw 
material that can be used to purify water even to a small extent. 

Applications in Water Treatment 
Low cost organic waste from farming activities in the removal of heavy metals 
and dyes from wastewater for poor and remote communities reported. Mallam-
patia and Valiyaveettil studied the use of tomato peels in extraction of Pb2+, Ni2+, 
As3+ and Cr6+, dyes and pesticides from water. They reported that tomato peels 
could efficiently adsorb cationic dyes and metal cations such as Pb2+ and Ni2+. 
The adsorption mechanism was attributed to the electrostatic interaction be-
tween OH− and HCOO− functional groups present on the surface of the peels 
and the positive adsorbents [30]. 

Mittal and coworkers used de-oiled soya extracts and bottom ash (heavier ash 
that does not rise on coal combustion) to remove methyl orange from 
aqueous solutions. The de-oiled soya extracts had higher adsorption capaci-
ties at 16.664 mg/g compared to the bottom ash at 3.618 mg/g. The bottom ash 
and de-oiled-soya soaked up to 98.61% and 99.8%, respectively before needing 
regeneration. In both cases, up to 98% of the adsorbents could be regenerated 
using a simple wash of the columns with sodium hydroxide [31]. 

Bhatnagar and colleagues studied the effectiveness of lemon peels to remove 
heavy metals from wastewater using column stacks. They observed that 1 kg of 
lemon peels could remove cobalt ions from 210 L of synthetic wastewater be-
fore the adsorbent (lemon peels) reached saturation. The adsorption capacity 
was 22 mg/g. From a cost point of view, they concluded that it would be cheaper 
to use these low cost organic waste peels than the 10 times expensive activated 
carbon in treating waste water for heavy metals [32]. 

https://doi.org/10.4236/ojapps.2018.88027


K. K. Kennedy et al. 
 

 

DOI: 10.4236/ojapps.2018.88027 362 Open Journal of Applied Sciences 
 

3. Nanostructured Adsorbents and Photocatalysts 
3.1. Metal Oxide-Based Nanoadsorbents 

Nanostructured materials are display unique properties compared to their bulk 
counterparts by having at least one dimension of the structural geometry on the 
nanoscale order of 1 - 100 nm. The nanoscale properties impact small particle 
sizes that translate into very high surface areas with a large number of surface 
active sites. The surface edges have a high density of unsaturated atoms that in-
creases adsorption and degradation of pollutants in water [33]. Although the 
adsorption process for water quality improvement has garnered incredible im-
provements due to ease of operation and readily available low cost adsorbents, 
the need for a “super” adsorbent i.e. one with a high degree of adsorption and 
ease of separation is on-going. Over the years, researchers have focused on de-
veloping this “super” adsorbent based on nanostructured materials for the ex-
clusion of water pollutants. 

The 2014 review by Ali et al. showed that oxides and hydroxides of iron, sul-
fides of zinc and cadmium, oxides of titanium, zinc and copper nanoparticles 
have been successful on the bench-scale and pilot-scale to adsorb pollutants 
from water. In the case of iron based nanoparticles, separation of the spent na-
noparticles from water is easily achieved by applying a magnetic field [6]. 
Another review by Hua and colleagues gives a detailed account of the removal of 
heavy metal removal from wastewater using various nanosized metal oxides such 
as ZnO, Al2O3, MnO, TiO2, MgO, CeO2, and Fe2O3 [34]. Titanium dioxide 
(TiO2) and alumina (Al2O3) nanostructured particles have shown considerable 
potential in mitigating water contamination. Alumina nanoparticles were effi-
cient in removing heavy metal pollutants such as Cr, Cd, Pb and Hg ions from 
aqueous solutions [35]. The adsorption mechanism was postulated to involve the 
anchoring of the positive metallic ions on the active oxide/hydroxyl sites on the 
high surface area alumina [36]. 

3.2. Carbon-Based Nanoadsorbents 

A review by Burakov et al. [18] and by Shah et al. [37] describes the use of nano-
structured carbon materials such as carbon nanotubes, fullerenes (C60) and gra-
phene in the removal of heavy metals form waste water discharges. The ability of 
these materials to adsorb contaminants is due to the high strength surfaces as 
well as the thermal stability that allows for regeneration of the spent adsorbent. 
In addition, chemical modification of these adsorbents by anchoring polar func-
tional groups such as hydroxides (OH−) and carboxyl’s (−COOH) greatly en-
hances the adsorption properties towards a variety of contaminants in water. 

Valcarcel et al. [38] recognized that surface defects on fullerenes are the pri-
mary sites for adsorption when the contaminants enter the cage through spaces 
between the carbon nanoclusters. A study by Alekseeva et al. [39] showed that 
Cu2+ ions can be removed from water with an adsorption capacity of 14.6 mmol/g. 
Large-scale use of fullerenes is limited due to the prohibitive cost of fullerenes, 
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therefore small amounts of fullerenes are doped into adsorbents such as acti-
vated carbons. Samonin et al. [40] showed that doping up to 0.004% of fullerenes 
into activated carbon increased the adsorption capacity for Pb2+ and Cu2+ by up 
to 2.5 times more. 

Carbon nanotubes and graphene oxide have been used in removal of organic 
compounds and heavy metals from water. Wang et al. [41] increased the oxygen 
functional groups on multi-walled carbon nanotubes (CNT) by acidification and 
reported significant adsorption of Pb2+ ions by complexation on the CNT sur-
face. Zhao et al. [42] modified CNT adsorbents by doping with TiO2 and MnO2, 
respectively, to remove Pb2+, where the composite material had adsorption ca-
pacities of 137 mg/g and 78.74 mg/g, respectively. Other researchers have im-
pregnated graphene oxide with magnetic particles for adsorption of Pb2+ and 
Cd2+ where the adsorption was pH dependent. 

Although, the carbon based nanoadsorbents have the mechanical rigidity and 
potential for effective adsorption when appropriately modified, large-scale use is 
limited by the cost of these carbonaceous adsorbents. Shah et al. [37] emphasizes 
that synthetic methods of carbon adsorbents are still complicated; agglomeration 
of the adsorbents in aqueous phase decreases the adsorption affinity; and the 
toxicity of the materials to the ecosystem has not been exhaustively investigated. 

3.3. Nanoadsorbent Photocatalysts 

TiO2 nanoparticles are eco-friendly, abundant and have emerged as promising 
candidates in environmental remediation including water treatment. TiO2 na-
noparticles can have dual functionality as adsorbents and photocatalysts. The 
TiO2 will not only adsorb but are capable of photo-oxidation of organic ad-
sorbates. TiO2 (anatase form) is a UV semiconductor with a band-gap energy 
of 3.2 eV. Since solar energy consists of 4% UV light, TiO2 is often doped with 
either non-metals or transition-metal ions to enable absorption of visible light 
which constitutes ~45% of solar energy [43]. Additionally, TiO2 is often incor-
porated into high surface area matrices such as silica (SiO2) to ensure a high de-
gree of adsorption of pollutants in addition to the actual photocatalytic degrada-
tion reactions. When TiO2 is irradiated with light, electron-hole pairs are formed 
that when in contact with air forms superoxides ( 2O− ) and hydroxyl radicals 
(OH). These radicals can partially or completely mineralize a variety of adsorbed 
organic molecules into benign products such as carbon dioxide, water, and in-
organic ions as depicted in Figure 4. 

It has been reported that after 8 hours of simulated solar radiation, TiO2 na-
noparticles reduced the capability of waterborne pathogens such as protozoa, 
fungi, and a complete inactivation of fecal coliforms using natural sunlight [44] 
[45]. A review by Amin and others gives detailed summary in which various re-
searchers have improved the efficiency of TiO2 by doping to achieve visible light 
photocatalysis. In one instance, silver doped TiO2 had almost complete oblitera-
tion of the E. coli bacteria under irradiation [46]. 

https://doi.org/10.4236/ojapps.2018.88027


K. K. Kennedy et al. 
 

 

DOI: 10.4236/ojapps.2018.88027 364 Open Journal of Applied Sciences 
 

 
Figure 4. Adsorption and decomposition of organic molecules on TiO2 photocatalyst by 
radicals. 

 
TiO2-zeolite composites were used to study the UV photodecomposition of 

naphthenic acid (components in oil streams that are toxic and corrosive to ma-
chinery). The initial concentration of the acid and CO2 in gas phase were fol-
lowed by GC-MS (Figure 5). Over 3 days, the concentration of the acid declined 
appreciably while the abundance of CO2 (composition product) increased to 
over 93% (Figure 6). Meanwhile, the acid content had declined to amounts dif-
ficult to detect in the gaseous form. The total acidity the acid decreased by 31% 
compared to mixtures not exposed to UV light as determined by Tan (Total Ac-
id Number) [47]. 

4. Conclusions and Perspectives 

Among the various technologies for water purification, the adsorption process is 
a cost effective method for water remediation. The process requires good ad-
sorbents with high adsorption capacities, low cost maintenance in terms of pro-
duction and regeneration. Additionally, activated carbon remains the mostly 
used adsorbent due to the ability to remove a variety of pollutants from water. 
But the high costs of activated charcoal production and regeneration on a large 
scale become prohibitive in less economically developed nations. 

Research has engaged a variety of alternative and cheaper adsorbents to re-
duce water contaminants. Nanomaterial adsorbents continue to be an exciting 
field of research for now and the foreseeable future. However, a large scale im-
plementation needs adequate knowledge of the potential hazardous of the 
nanomaterials on the ecosystem. An exciting field of research to develop in de-
veloping countries is the use of the locally abundant natural clays to serve as 
photocatalytic adsorbents. Since clays are non-conductors, engineering these 
clays would transform for them into UV and visible photocatalysts similar to the 
treatment of TiO2 nanoparticles. These materials would not only serve as 
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Figure 5. GC-MS analysis of head-space aliquots from UV photocataly-
sis of naphthenic acid by of Z-TiO2 after 48 hours. Adapted from (Kale-
baila and Fairbridge, 2014). 

 

 
Figure 6. GC-MS analysis of head-space aliquots from UV photocataly-
sis of naphthenic acid by of Z-TiO2 after 3 days. Adapted from (Kalebai-
la and Fairbridge, 2014). 

 
adsorbents, as well as photocatalysts by modifying the clay with inorganic ions 
using the sol-gel synthetic process. Substituting some of the Al2O3 and SiO2 in 
the clay with transition metals would allow for this transformation. The mod-
ified clay would serve a dual function as adsorbent (mop up) and photodecom-
poser (eat up) of contaminants. 
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