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Abstract:  Safe drinking water is a necessity that should be available to every person in the world unfortunately this vital natural 
resource is still a distant dream to many around the world, especially in developing countries. There has been many 
efforts to develop efficient, economical, and technologically sound methods to produce clean water for developing 
countries have increased worldwide. While looking for cheap affordable methods to treat water use of natural plants is 
becoming popular. This paper focuses on clean drinking water, especially for rural populations in developing 
countries. It describes the effectiveness of using plant based cheap coagulants for water treatment to achieve similar 
results as when other coagulants are used to treat water. The paper presents the results of a laboratory experiment 
conducted at Ng’ethu water treatment lab in Nairobi, Kenya. The main objective was to establish the effectiveness of 
Poly Aluminum Chloride (PAC), Aluminum sulfate (Alum), and Cactus on turbidity reduction from surface water 
with a range of different conditions using jar test method. Three water samples used had turbidity levels of 150, 415 
and 510 Nephelometric Turbidity Units (NTU). Results showed that PAC + Cactus had the highest performance in 
terms of turbidity reduction compared to PAC and Alum. Furthermore, PAC and Cactus had less impact on the pH of 
the treated water while alum produced significant increase in pH. Alum generated more flocs in a shorter time period 
as compared to both PAC and cactus as indicated by the floc size index. Natural coagulants are therefore vital as 
substitutes for chemical coagulants or as coagulant aid especially in developing areas. 
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1. INTRODUCTION 

1.1 Water issues in slums 

This study was undertaken to investigate the possible solutions to drinking water and sanitation 
problems in parts of developing countries that more often or less receive inadequate water and 
sanitation services. The drinking water in these parts of countries are sometimes contaminated and 
require tailor made solutions that are easy to understand and affordable. Lack of access to potable 
water and poor sanitation is a common problem in developing countries. A greater portion of the 
population that is affected by this unfortunate situation resides in slums and other informal 
settlements spread across urban areas and some other rural schemes (Schouten and Mathenge 2010). 
In these areas, people often encounter sanitation issues such as the outbreak of diseases like cholera 
and diarrhea. Children below the age of five years are the most affected and majorly die as a result 
of poor hygiene emanating from lack of proper sanitation (Vara 2012). Informal settlements in most 
parts of urban dwellings lack important infrastructure (e.g. piped water), sanitary infrastructures 
(e.g. sewer networks), good solid waste management practices and space for future developments. 
The urban population increases rapidly due to rural-urban migration which in return lead to 
increased pressure on housing sectors. This causes mushrooming of unplanned settlements which 
further subjects the population to unwarranted pressure on existing sanitation infrastructure. This 
often leads to widespread outbreaks of sanitation related diseases (Muthuraman and Sasikala 2014). 
In many such dwellings, municipals and local authorities fail to provide key services such as clean 



2 A. Wambui Mumbi et al. 
 
water and waste water treatment facilities due to logistical issues caused by congestions and lack of 
good will. However, clean water being a necessity, people will do everything possible to obtain it. 
Unfortunately, they end up obtaining this precious commodity from polluted sources or even from 
vendors who in most cases do not observe proper hygiene and this can lead to unprecedented 
outcomes on their health. Although water vending is more common and involves a greater diversity 
of distribution in developing countries, it also sometimes occurs in developed countries. Vended 
water can provide a needed resource in areas that are poorly served by traditional services, but both 
the quality and adequacy of supplies can vary. Vended water has been associated with outbreaks of 
diarrhoeal disease (Hutin et al. 2003). Water vending may be undertaken by formal bodies, such as 
water utilities themselves or registered associations, or by small-scale informal suppliers. Where 
formal vending is practised, the majority of the water is likely to be supplied in tankers and will 
supply a service to the end user equivalent to an in-house water supply. Typically, such water will 
come either from treated utility supplies or from registered sources. Informal suppliers will tend to 
use a range of sources protected and unprotected and deliver small volumes for domestic use, often 
in containers loaded into donkey carts or hand carts. Formal systems will be much easier to control 
and regulate than informal systems; where informal systems exist, the priority is likely to be to 
increase access to formal water supplies or promote household water treatment rather than 
controlling vended water quality WHO/UNICEF (2000) unfortunately due to increased unplanned 
growth of slums informal systems exist and when not monitored properly cause more harm than 
good. Sources used by vendors include mains water from standpipes and other outlets or untreated 
surface water, dug wells and boreholes. Vendors may operate kiosks where water is provided to 
consumers, who then carry the water home, or vendors may transport and deliver the water to users. 
Water can be transported in a variety of ways, including containers on wheelbarrows, trolleys and 
animal-drawn or mechanized carts and tanker trucks. The latter is the most common form of 
transport for vended water in developed countries, while the other three being common in 
developing countries (WHO/UNICEF 2000). 

Improving sanitation and provision of clean water to poor and vulnerable people usually require 
a number of considerations including cost, accessibility and technologies. More often, people living 
in slums and other remote areas have the responsibility of managing their own domestic water 
needs individually and in sometimes in a communal setup. Hence the need to use readily available 
resources that are cheap and efficient or work as better as the chemical compounds used to treat 
water making it safe for consumption. 

The aim and objective of this paper is to show that available chemical coagulants can be 
substituted or used together with cactus, a natural coagulant that is affordable and available in most 
parts of the country. The significant of this paper is to introduce affordable and healthy natural 
coagulants to the most disadvantaged communities that reside in most parts of slums and remote 
rural areas. By carrying out various tests to see the effectiveness of natural coagulant cactus and its 
ability to reduce turbidity further shows that affordable coagulants can be substituted for chemical 
coagulants either reducing their usage completely or the dosages required in the case of 
PAC+Cactus which could lead to less dosage of PAC required as a coagulant when combined with 
Cactus extracts. 

1.2 Availability of coagulants and flocculants 

Coagulants are the most used chemicals to treat polluted water in most parts of the world. 
Aluminum and ferric salts like alum and ferric chloride are the most commonly used coagulants in 
developing countries (Šćiban et al. 2009). These chemicals can be used to treat water with high 
turbidity and other parameters that are indicators of polluted water such as color and odor. Although 
these chemical shave proved to be effective, they are expensive and requires a lot of experience in 
handling. These chemicals are generally aluminum salts and many types of researchhave shown that 
they have residual components that are harmful to human health (Abidin et al. 2013). As a result of 
these challenges that are associated with chemical coagulants and especially from those of 
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aluminum and ferric salts, biological coagulants are highly recommended for treating the water 
prior using them for domestic purposes (Abidin et al. 2013). Some plants such as Moringa oleifera, 
Cactus and Enteromorpha are believed to have coagulation properties and are only used in small 
scale at rural and remote areas by individuals and domestic dwellings (Zhao et al. 2013). Plants like 
cactus and moringa have been used for domestic water treatment for many decades due to their 
natural abundance in arid and semi-arid regions (Mangale et al. 2012) Given that cactus is mostly 
used for medicinal purposes and sometimes eaten as fruits in some regions, it is, therefore, more 
likely it doesn’t harbor any adverse health effect related to its residue component in treated water.  

Flocculation/coagulation is the most used treatment process to remove colloidal matters and 
other suspended solids in potable and wastewater in many countries of the world. In this process, 
aluminum and ferric salts such as alum, ferric chloride, and poly-aluminium chloride are mostly 
used in water treatment (Yin 2010; Ramavandi 2014). These synthetic coagulants besides being 
expensive, require large dosages, affect the water pH and sometimes produce disease-causing 
byproducts (Zhang et al. 2006). Cactus is readily available, highly effective with biodegradable 
residues, more so, it produces clean water that is toxic free and generates low volume of sludge 
(Vishali and Karthikeyan 2014). 

Coagulation-flocculation is an aggregation of finely suspended and dissolved solids into larger 
conglomerates which gradually settle down after sometime. This interaction of coagulants and 
flocculants cells results into two major forces namely; electrostatic repulsion forces and 
intermolecular or weak van der Waals attraction force. These actions lead to coalescing of small 
aggregates into large flocs (Papazi et al. 2010). In all municipal water treatment, be it freshwater or 
wastewater, coagulation-flocculation is a very important process and aluminum salts are widely 
used as coagulants of choice, but more research ought to be done to establish their effectiveness in 
comparison with others in terms of cost and their acid-base stability (Chen et al. 2009). There are 
two categories of metal coagulants i.e. aluminum and iron-based. Those based on aluminum are 
aluminum chloride, aluminum sulfate, and sodium aluminate. Those based on iron are ferrous 
sulfate, ferric sulfate, ferric chloride sulfate and ferric chloride (Bratby 2016). Magnesium 
carbonate and hydrated lime are also used as chemicals coagulants. Iron and aluminum coagulants 
are very effective due to their ability to form complex charged nuclear with adsorption qualities. 
The pH of the water sample controls the nature of the complexion formed during the coagulation 
process. Hydrolysis species of aluminum and iron ions are uncontrollably formed when these two 
coagulant agents are added to the water sample. The best hydrolysis species for treatment are 
determined by the pH, rapid mixing and coagulant dosage (Bratby 2016). The choice of any 
coagulant will be based on its effectiveness in water treatment under different conditions such as 
temperature, pH, amount of dosage and desired final water quality parameters (Wang et al. 2015; 
Zhao et al. 2015).  

Natural coagulants can be used as alternatives to aluminum salts such as aluminum sulfate 
because its continued use in water treatments has raised concerns (Amagloh and Benang 2009). 
Whereas aluminum and ferric coagulants are known to be effective in water treatment, the 
aluminum residue is harmful to both human health and well-being of other living organisms. 
Nevertheless, low molecular ferric salts are known to cause corrosive effects to water storage and 
transmission facilities (Zhao et al. 2013). Many natural coagulants have been used in the past as 
coagulants but more research is needed to establish their effectiveness in water treatment, their cost 
implications and their residue impacts on human health. Some common natural coagulants are 
moringa oleifera seed (drumstick) and cactus plant among others (Kazi et al. 2013; Ramavandi 
2014; Vishali and Karthikeyan 2014).  

1.3 Cactus 

Cactus species are naturally occurring plants that are found in abundance in arid and semi-arid 
regions. In Kenya cactus grows in the vast areas of the Great Rift Valley and in some parts of 
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Northern Kenya. Several studies have shown that use of natural coagulants such as cactus can 
substitute for chemical coagulants especially those of aluminum based hence overcoming the 
problems associated with them (Wang et al. 2015). Several species of cactus exist in different 
regions of the world. In addition to its medicinal properties and dietary rich resource, it has been 
used as a coagulant for centuries (Vishali and Karthikeyan 2014). The coagulation properties of 
cactus are heavily attributed to its viscous mucilage. Many authors have associated the cactus with 
complex carbohydrates that are stored in both its inner and outer layer. Besides its capacity to retain 
water, it contains other complex carbohydrates such as d-galactose, l-rhamnose, l-arabinose and 
galacturonic acid. The galacturonic acid is the ingredient responsible for coagulation capacity and 
accounts for about 50% adsorption capability. Whereas other plants act as charge destabilizer in 
their coagulation prowess and mechanism, cactus forms polymer like mucilage. The mucilage 
mechanism is to adsorb and bridge the suspended and dissolved particles together (Megersa et al. 
2014). Adsorption is crucial in the improvement of water quality and it can be applied to remove 
molecules that are responsible for odor, taste, color and toxic elements from water. Shlipa et al., 
2012 and Zhang et al., have shown that dry and liquid extracts are possible coagulants that can 
effectively reduce turbidity to minimum levels. According to Y. Chung et al., 2007, cactus Opuntia 
contains 2.3% nitrogen, 29.4 carbon and 1.7% hydrogen. 

2. MATERIALS AND METHODS 

2.1 Cactus 

Cactus opuntia (ficus - indica) was collected at Naivasha Kenya where several varieties are 
found in abundance. Picture 1 shows the picture of the cactus used in this experiment. The prick 
thorns were removed carefully before the leaf-like stems were washed using tapped water. The cacti 
were peeled off the outer part. The inner part was squeezed to obtain the cactus juice which was 
stored in a ten-litre container. The remaining cactus was oven dried at 80c for 24 hours in KEFRI 
laboratory. The dried cactus was milled into powder form and later used for coagulation purposes. 
Both the juicy and powder were labeled liquid extract and dry extract respectively. The liquid 
extract was later used to compare its performance to dry extract separately and when combined with 
PAC as shown in the results section. 

 

 Picture 1. Cactus leaves and fruits; this cactus was used as a coagulant aid. 
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2.2 Water sample 

Water sample for this and other research were fetched at Mwagu outfall, a section of Chania 
River (see Picture 2). The samples were collected during the rainy seasons and during the normal 
dry condition. Water collected during the dry season was clear with an average turbidity of 
5.8 NTU. The samples collected during the rainy season had turbidities that ranged from 150 to 
510 NTU. The water was measured for both pH and temperature and stored in sealed Jerricans.  

 

Picture 2. Sampling at Mwagu outfall along Chania River 

2.3 Jar test 

This experiment was done in Ng’ethu water treatment chemistry lab, a subsidiary of Nairobi City 
and Sewerage Company limited. A jar test equipment Lovibond-flocculator with multiple spindle 
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stirrers and six 1000 ml beakers was used in this experiment. The water samples were mixed 
thoroughly before transferring to the beakers and filled to the mark. They were then agitated for a 
rapid speed of 150 rpm for five minutes and coagulants dosages added for each experiment the 
speed of the jar test was then lowered to 50 rpm for 15 minutes after which the samples were 
allowed to settle for 30 minutes. The supernatant water was collected with a syringe at 3 cm mark 
from the surface and tested for turbidity and pH using turbidity meter HACH 2100Q and presented 
in Nephelometric units (NTU) and pH meter 781 pH/Ion respectively.  

3. RESULT AND DISCUSSION 

The use of coagulants to treat water has greatly reduced the turbidity of raw water. The 
coagulation process mainly depends on water alkalinity, temperature, dosage concentrations and 
initial turbidity. Laboratory works have shown that the optimum temperature where turbidity 
reduces considerably is 20 °C. The presented results were done at the same temperature but different 
pH and range of concentrations. Samples of initial turbidity of 150 NTU, 415 NTU, and 510 NTU 
were analyzed using three types of coagulants, first with PAC, Alum, and cactus combined with 
PAC as a way to increase turbidity removal rate, reduce over reliant on chemical coagulants and 
minimize the cost of purchasing chemicals. 

3.1 Effects of coagulants dosage on pH 

Figure 1 shows the results obtained from the experiments from the figure it is clear that there is a 
pH depending on the coagulants dosage. The abscissa is concentration and ordinate shows pH 
values. It is seen that the increase in dosage of either Alum, PAC or cactus + PAC has an impact on 
pH of the treated water. Initial pH of water sample was 8.2 and pH of water samples reduced after 
treatment with all the three coagulants. PAC reduced the pH of the treated water sample from 8.2 to 
8.1 with maximum dosage of 30 mg/L. Alum reduced the pH treated water sample from 8.2 to 7.4 
with maximum dosage of 40 mg/L. Nevertheless, Cactus + PAC reduced the same water sample pH 
from 8.2 to 7.2 at dosage of 30 mg/ L and 6.8 at dosage of 35 mg/L. The results imply that 
considering all coagulants effect on pH; cactus + PAC is more favorable to be used due to its 
efficiency to reduce pH water sample at an acceptable pH range with low dosage quantity. This 
means there was no need to use other chemicals to alter the pH range. 

 

Figure 1. Effect of coagulants dosage on pH 
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3.2 Effects of coagulants on floc size 

The three coagulants were investigated to remove suspended solids through floc formation using 
the jar test. Both the floc sizes and ability to settle were observed during jar test after rapid and slow 
mixing. A unique classification technique was employed to categorize floc formation Index 1 was 
allocated when no flocs were observed, 2 for pin like flocs, 3 for small flocs, 4 for large flocs and 5 
for lump flocs (Conference 1994). The figure below shows that water samples containing PAC 
result in floc size index of 1,2,3,4 and at the same time water sample containing Alum gives floc as 
of 1, 2, 3, 4 and 5, while Cactus + PAC goes has a floc index of up to 3. This further shows that 
Alum generates more sludge volume than the other two coagulants with Cactus +PAC and PAC 
producing less. The results corroborate previous studies that have tried to compare PAC and alum; 
PAC is an effective and useful substitute for solid alum which is conventionally used as a coagulant 
in most of the water treatment plants. It can cause rapid coagulation of water at different turbidities, 
produces less sludge and leaves less amount of residual aluminum (Miss Sonu Malhotra NEERI, 
Nagpur, India 1994). Combined with Cactus its performance in terms of sludge generation is even 
improved making it a better choice. 

 

Figure 2. Floc size index of different water sample after application of coagulants 

3.3 Coagulation effect comparison of PAC, ALUM, and Cactus + PAC  

Coagulants were used to treat raw water taken from Mwagu outfall, the initial turbidity of water 
samples were 150 NTU, 415NTU AND 510 NTU with pH of 8.2, 6.8 and again 6.8, respectively, 
working temperature was 20 oC. Coagulants used were Polyaluminium chloride (PAC), Alum and 
cactus. Cactus powder was used together with PAC to determine its efficiency in reducing the 
turbidity. The use of PAC in water coagulation resulted in turbidity removal efficiency of 95 % at 
an optimum dosage of 30 mg/L (Figure 3). Alum has been found very useful coagulant due to its 
water treatment effectiveness. However, alum presents disadvantages in case of high dosage use, it 
increases the water pH and generates large quantities of sludge increasing the cost of backwashing 
operations and also sludge dewatering procedures. On the other hand, while PAC and PAC+ Cactus 
had impacts on the pH of the treated water, they also required less dosage and generated less flocs 
as indicated by the FSI analysis. 
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Figure 3. Turbidity removal by PAC  

 

Figure 4. Turbidity removal by Alum 

 

Figure 5. Turbidity removal by PAC + Cactus 
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Figure 4 elaborates the performance of aluminum sulfate (Alum) and shows that Alum removed 
turbidity effectively (95 %) had a great impacts on treated water pH a phenomenon that requires 
addition of alkaline chemical to achieve optimum pH a situation that can cause corrosion of water 
infrastructures therefore increasing the cost of their maintenance. Another disadvantage is that 
excessive dosage of Alum is required when used alone. At an NTU of 510 turbidity increases as 
dosages of more than 30mg/l are used  

Figure 5 further shows the turbidity removal by Cactus+PAC at water samples of 150, 415 and 
510 NTU. The results show that turbidity removal by Cactus + PAC was more than 98% of 
turbidities removed using a maximum dosage of 30 mg/L of Cactus + PAC. At all the three 
different NTU levels the turbidity reduces greatly. While PAC alone achieved 95% removal while 
when combined with Cactus it achieved 98% removal rates this further shows that combining 
Cactus with PAC will produce better results while cutting down on the use of PAC consequently 
reduction in treatment costs. 

Polyaluminium Chloride (PAC), Alum and PAC+Cactus are all efficient as coagulants in water 
treatment as coagulation agents. By comparing their turbidity removal efficiencies, PAC + cactus 
performed better than alum and when PAC was used alone.  

3.4 Dry and liquid extract of cactus in residue turbidity 

For the purpose of studying the residue turbidity initially, a water sample with a turbidity range 
of 20 to 200 NTU was tested using PAC, PAC + Liquid Extract, PAC + dry extract and cactus (dry 
and liquid extracts). Figure 6 below shows the graphical representation of the said coagulants using 
different turbidities ranging from 20 to 200. The results indicate that all coagulants performed better 
in a low turbid water of 20 NTU. The results further show PAC is undisputable turbidity removing 
agent under all ranges of contaminated waters. Liquid cactus or liquid extract performed better than 
its counterpart dry extract under the same conditions. When PAC was mixed with cactus, it 
performed better with liquid extract but not as good as when used alone. The results show that 
Cactus on its own has promising results especially when the liquid extract is used but when 
combined with PAC it performs better and gives results that are sufficient and accommodative and 
can be used together with PAC to reduce the amount of PAC used while still producing satisfactory 
results especially in turbidity removal and its coagulation properties. Additionally, the results 
showed that cactus can be used as either coagulants or coagulant aid. Further research is required to 
establish whether cactus is a flocculants or coagulant.  

 

Figure 6. Residue turbidity from different water samples when treated with PAC, PAC + Liquid Extract, PAC + Dry 
extract and when cactus is used alone as a dry or liquid extract 
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While the study majorly focused on the three coagulants namely Alum, PAC and Cactus plus 
PAC experiments were carried out to determine the performance of cactus as both liquid and dry 
extract as a coagulant. The results show that Cactus on its own has promising results especially 
when the liquid extract is used but when combined with PAC it performs better and gives results 
that are sufficient and accommodative and can be used together with PAC to reduce the amount of 
PAC used while still producing satisfactory results especially in turbidity removal and its 
coagulation properties as shown in Figure 6. This further supports the decision to use the liquid 
extract of cactus as opposed to the dry extract. 

4. CONCLUSION AND RECOMMENDATION 

Cactus can be used sustainably together with PAC to treat surface water with a range of turbidity 
levels to the required drinking standards. It can cause rapid coagulation, reduce turbidity 
considerably, limit excess of chemical in water and minimize the cost of purchasing chemicals due 
to the abundance of cactus in most of the developing countries. Coagulation with alum had turbidity 
efficiency of 95% but resulted in formation of large flocs (FSI 5). On the other hand, PAC had 
turbidity removal efficiency of over 95% with a maximum dosage of 30mg/L, leaving large flocs 
(FSI4) while PAC + Cactus removed 98 % of turbidity with optimum dosage of 30mg/L generating 
less flocs (FSI3). This study showed that cactus can be used as both coagulant and coagulant aid. 
This will make the treatment of the raw water in the informal settlements of developing countries to 
be cost effective, environmentally friendly, resulting to less usage of chemical coagulants that are 
often associated with health problems. This will also increase of sustainable methods and 
technologies in solving water and sanitation issues in informal settlements. Moreover, cactus can be 
grown very cheaply at the household level or in small communal tree nurseries, because the trees 
thrive on marginal lands and can prevent erosion they can be grown in mixed cultures with, for 
example, millet, certain vegetables, or kitchen herbs. These trees can also be used for other 
purposes while still being used as coagulants. 

Since chemical coagulants are deemed expensive in some rural areas and the slums of some 
developing countries, biocoagulants such as cactus can be adopted to effectively treat the water 
turbidities that usually inhabit disease causing organisms and makes it difficult to disinfect the 
contaminated water. These will result in solving sanitation problems, increase accessibility of 
potable water in many regions and enhance environmental conservation. Further study should be 
done to develop technologies that can maximize use of plant-based coagulants in large scale 
utilization in municipal water treatments and sustainably use them for commercial purposes. Water 
treatment in developing countries more so the slum areas should use simplified technologies so as 
to afford clean and safe drinking water with the use of simplified technologies that are less costly 
and more suitable; it is thus evident that natural coagulants derived from plants can offer the above 
while reducing the cost of treatment significantly. 
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