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Abstract

Access to safe drinking water is important as a health and development issue at national, regional, and local levels.
About one billion people do not have healthy drinking water. More than six million people (about two million
children) die because of diarrhea which is caused by polluted water. Developing countries pay a high cost to
import chemicals including polyaluminium chloride and alum. This is the reason why these countries need low-cost
methods requiring low maintenance and skill. The use of synthetic coagulants is not regarded as suitable due to
health and economic considerations. The present study was aimed to investigate the effects of alum as coagulant
in conjunction with bean, sago, and chitin as coagulants on the removal of color, turbidity, hardness, and
Escherichia coli from water. A conventional jar test apparatus was employed for the tests. The study was taken up in
three stages, initially with synthetic waters, followed by testing of the efficiency of coagulants individually on
surface waters and, lastly, testing of blended coagulants. The experiment was conducted at three different pH
conditions of 6, 7, and 8. The dosages chosen were 0.5, 1, 1.5, and 2 mg/l. The results showed that turbidity
decrease provided also a primary E. coli reduction. Hardness removal efficiency was observed to be 93% at pH 7
with 1-mg/l concentration by alum, whereas chitin was stable at all the pH ranges showing the highest removal at
1 and 1.5mg/l with pH 7. In conclusion, using natural coagulants results in considerable savings in chemicals and
sludge handling cost may be achieved.
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Background

The explosive growth of the world's human population

and subsequent water and energy demands have led to an

expansion of standing surface water [1]. Nowadays, the

concern about contamination of aquatic environments has

increased, especially when water is used for human con-

sumption. About one billion people do not have healthy

drinking water. More than six million people (about two

million children) die because of diarrhea which is caused

by polluted water [2,3].

In most of the cases, surface water turbidity is caused

by the clay particles, and the color is due to the decayed

natural organic matter. Generally, the particles that de-

termine the turbidity are not separated by settling or

through traditional filtration. Colloidal suspension stabil-

ity in surface water is also due to the electric charge of

particle surface. Thus, there is great importance in either

the development of more sophisticated treatments or

the improvement of the current ones [4].

The production of potable water from most raw water

sources usually entails the use of a coagulation floccula-

tion stage to remove turbidity in the form of suspended

and colloidal material. This process plays a major role in

surface water treatment by reducing turbidity, bacteria,

algae, color, organic compounds, and clay particles. The

presence of suspended particles would clog filters or im-

pair disinfection process, thereby dramatically minimiz-

ing the risk of waterborne diseases [5,6].

Many coagulants are widely used in conventional

water treatment processes, based on their chemical char-

acteristics. These coagulants are classified into inorganic,

synthetic organic polymers, and natural coagulants [4].

Alum has been the most widely used coagulant because

of its proven performance, cost effectiveness, relatively

easy handling, and availability. Recently, much attention

has been drawn on the extensive use of alum. Aluminum

is regarded as an important poisoning factor in dialysis
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encephalopathy. Aluminum is one of the factors which

might contribute to Alzheimer's disease [7-9]. Alum re-

action with water alkalinity reduces water pH and its ef-

ficiency in cold water [10,11]. However, some synthetic

organic polymers such as acrylamide have neurotoxicity

and strong carcinogenic effect [8,12].

In addition, the use of alum salts is inappropriate in

some developing countries because of the high costs of

imported chemicals and low availability of chemical coa-

gulants [3]. This is the reason why these countries need

low-cost methods requiring low maintenance and skill.

For these reasons, and also due to other advantages of

natural coagulants/flocculants over chemicals, some

countries such as Japan, China, India, and the United

States have adopted the use of natural polymers in the

treatment of surface water for the production of drink-

ing water [13]. A number of studies have pointed out

that the introduction of natural coagulants as a substi-

tute for metal salts may ease the problems associated

with chemical coagulants.

Natural macromolecular coagulants are promising and

have attracted the attention of many researchers because

of their abundant source, low price, multi-purposeness,

and biodegradation [11,14,15]. Okra, rice, and chitosan

are natural compounds which have been used in turbid-

ity removal [16-18]. The extract of the seeds has been

mentioned for drastically reducing the amount of sludge

and bacteria in sewage [19].

In view of the above discussion, the present work has

been taken up to evaluate the efficiency of various nat-

ural coagulants on the physico-chemical contaminant re-

moval of water. To date, most of the research has been

concentrated on the coagulant efficiencies in synthetic

water, but in this study, we move ahead making an at-

tempt to test the efficiency of the natural coagulants on

surface water. The efficiencies of the coagulants as stated

by [20] might alter depending on many factors: nature of

organic matter, structure, dimension, functional groups,

chemical species, and others.

Methods

Natural coagulants and their preparation

Sago is a product prepared from the milk of tapioca root.

Its botanical name is ‘Manihot esculenta Crantz syn.

M. utilissima’. Hyacinth bean with botanical name Dolichos

lablab is chosen as another coagulant. Both the coagulants

were used in the form of powders (starches). Starch con-

sists mainly of a homopolymer of α-D-glucopyranosyl units

that comes in two molecular forms, linear and branched.

The former is referred to as amylose and the latter as

amylopectin [21]. These have the general structure as per

[22] (Figure 1).

The third coagulant was chitin ([C8H13O5N]n), which is a

non-toxic, biodegradable polymer of high molecular weight.

Like cellulose, chitin is a fiber, and in addition, it presents

exceptional chemical and biological qualities that can be

used in many industrial and medical applications. The two

plant originated coagulants were taken in the form of pow-

der or starch. Chitin was commercially procured.

Stage I

The first stage included testing the efficiency of the four

coagulants on the synthetic waters. Synthetic waters with

turbidity of 70 and 100 nephelometric turbidity units

(NTU) were prepared with fuller's earth in the laboratory

and were used in this part of the study. The experiment

was carried out using a jar test apparatus. The experi-

ments were conducted in duplicates to eliminate any kind

of error. Efficiency was evaluated by determination of re-

duction in turbidity of both the synthetic samples.

Stage II

In the second stage of the experiment, the individual

coagulants were evaluated for their efficiency on the sur-

face waters. The water samples for this stage and the

preceding stage were collected from the surface reser-

voir, Mudasarlova, located at a distance of 5 km from

the Environmental Monitoring Laboratory, GITAM Uni-

versity, where the experiments were carried out. This is

the reservoir which serves as a source of domestic water

for the nearby residents.

Care was taken while collecting the samples so that a

representative sample is obtained. All samples were col-

lected in sterile plastic containers. The samples were

transported to the laboratory, and all the experiments

were conducted within a duration of 24 h. The physical

parameters like temperature and color were noted at the

point of sample collection. The water samples were ana-

lyzed for the following parameters pre- and post-

treatment with the coagulants (Table 1).

The coagulants were tested at various concentrations like

0.5, 1, 1.5, and 2 mg/l at three pH ranges of 6, 7, and 8.

Stage III

The results obtained from the second stage of the study

have encouraged us to further extend the study in terms

of blended coagulants. The blending of coagulants was

Figure 1 General structure of amylose and amylopectin.
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taken up from the fact that alum was the most widely

used coagulant, and hence, it was taken as one part. The

remaining combinations were 2, 3, 4, and 5 parts of the

natural coagulants, i.e., 1:2, 1:3, 1:4, and 1:5.

Testing of the following parameters was adopted for

evaluating the efficiency of the blended coagulants (pre-

and post-coagulation) (Table 2). All the analysis has been

performed as per the standard methods given by APHA,

2005 [23].

E. coli presence

The E. coli bacterial presence and absence were deter-

mined in the pre- and post-coagulated water using H2S

strip bottle. The water sample was filled into the bottle

and allowed to stand for 24 h at room temperature. After

24 h, the water sample was observed for color change;

black color change indicates the presence of E. coli.

Results
Coagulant actions onto colloidal particles take place

through charge neutralization of negatively charged parti-

cles. If charge neutralization is the predominant mechan-

ism, a stochiometric relation can be established between

the particles' concentration and coagulant optimal dose.

In the initial stage of the experiment, the coagulants

were tested against synthetic turbid samples with 70 and

100 NTU. According to Figure 2a,b, the optimum dos-

age of alum was observed to be 1mg/l for both the tur-

bid samples, and the optimum pH is observed to be 7.

It is understood from Figure 3a,b that the optimum

dosage for chitin as coagulant is 1.5 mg/l (turbidity to 40

NTU) for 100 NTU, whereas not much difference was

observed between pH 7 and 8 for both the turbid sam-

ples. The optimum pH is observed to be 7 for both 70

and 100 NTU samples.

Figure 4a,b exemplifies the trends of sago on the tur-

bidity removal of the synthetic solutions. It is observed

that sago was effective at both 1 and 1.5 mg/l (turbidity

reduced to 50 and 45 NTU, respectively) for 100 NTU

solution, and the efficiency was stable at pH 7 and 8.

Figure 5a,b illustrates the effect of bean on the synthetic

turbid samples and turbidity removal. It is observed that

bean was effective at 1mg/l (turbidity reduced to 55 NTU)

for 100 NTU solution, and the efficiency was stable at pH

7 and 8.

Implications from the stage 1 experiment articulate

that the coagulants are quite stable at the pH ranges

tested; hence, in the proceeding experiments, all the

three pH ranges were considered. In the second stage of

experiment, the environmental samples from the surface

water source were collected and tested for the removal

of turbidity and other chemical parameters. The dosages

were the same as the previous stage. The results are

graphically represented as shown in Figures 6,7,8,9.

The turbidity removal efficiencies of the individual

coagulants are depicted in Figure 6 wherein there was a

broad variation among the pH ranges. The maximum re-

duction was observed with 1 mg/l (87%) of bean at pH 6

followed by 1 mg/l (82%) sago at the same pH. At pH 7,

the maximum efficiency was shown by bean with 1.5

mg/l dosage (85.37%) followed by bean and sago with 1

(82.49%) and 1.5 mg/l (82.49%), respectively. Removal

efficiencies of 41.46% and 36.59% were reported by 1

mg/l of bean and sago, respectively, at pH 8. The mini-

mum reductions are not reported as there was a negative

competence of the coagulants at different doses and pH

variations. It can be observed from the graph that there

was an increase in the turbidity of the water at these

dosages like with 2 g of chitin the turbidity removal was

−19.51. In the entire study, the best results were

obtained with total hardness removal wherein no nega-

tive competence was reported as shown in Figure 7. The

utmost removal was observed with 0.5-mg/l (97.67%)

sago at pH 7. At pH 6, it was (90.70%) with 1.5 mg/l of

bean. At pH 8, the reduction was (93.02%) with 0.5 mg/l

of alum. Apart from these, the general observation was

that all the coagulants were effective in an average re-

moval of 65% total hardness at all pH variations and

doses. The tracking for the least efficiency has showed

chitin at pH 6 with 2-mg/l dose (34.88%).

The calcium hardness removal efficiencies are directly

proportional with the total hardness removal; the highest

removal was recorded by chitin (93.33%) at pH 7 with

1.5-mg/l dose as shown in Figure 8. Removal of 90% is

at pH 8 and 7 with 0.5-mg/l alum and 1-mg/l chitin, re-

spectively. Minimum effectiveness was observed by chi-

tin (6.67%) at pH 6 with 2-mg/l dose. On an average, the

removal competence was more than 60% with all coagu-

lants at doses at all the pH conditions.

Table 1 Physico-chemical parameters tested (stage II)

Parameter Measurement Unit

Turbidity Nepheloturbidimeter NTU

Total hardness Titrimetric analysis mg/l

Calcium hardness Titrimetric analysis mg/l

Chlorides Argentometric method mg/l

E. coli H2S strip test +/−

Table 2 Physico-chemical parameters tested (stage III)

Parameter Measurement Unit

Color Spectrophotometry Pt-Co scale

Electrical conductivity Conductivity meter mmhos

Total hardness Titrimetric analysis mg/l

Calcium hardness Titrimetric analysis mg/l

Chlorides Argentometric method mg/l

E. coli H2S strip test +/−
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Figure 9 illustrates the chloride removal efficiency of

the coagulants tested. The average competence was

observed to be 40%. The maximum competence was

noted at pH 7 by chitin (83.64%) at 1.5 mg/l followed by

sago (81.82%) at 1 mg/l. Indeed at pH 7, the removal

was observed to be superior as a whole. Similarly, pH

has shown inferior effectiveness in the amputation of

chloride. The remarkable point that was noted is that at

pH 8, where the removal was superior, the increase in

doses of sago and bean (1.5 and 2 mg/l) has shown a

depressing outcome.

With the results obtained from the second stage ex-

perimentation, the study was carried forward for the

evaluation of blended coagulants. From the literature, it

was understood that blended coagulants show improved

competence than that of the individual ones.

The regular test of turbidity was substituted with con-

ductivity to establish a relation and test the difference

with these parameters. The conductivity diminution was

observed to be preeminent at the ratio of 1:2 of all the

blended coagulants 26.12%, 26.00%, and 21.35% with

alum/bean, alum/chitin, and alum/sago, respectively.

The highest reduction was observed with alum/sago at

pH 8 with 1:2 ratio (32.28%) (Figure 10).

The total hardness reduction trend of the blended coa-

gulants was recorded as follows: at pH 7, all combinations

of alum/bean have resulted in negative competence.

Amputation of 100% was observed with alum/chitin and

alum/sago at 1:2 and 1:4 and 1:5 doses, respectively

(Figure 11). The overall competence of the alum/chitin

and alum/sago were registered to be more than 80%. The

calcium hardness efficiencies of the blended coagulants

were similar to that of the total hardness. The highest re-

moval efficiency was shown by alum/chitin with 1:5 ratio

at pH 7 (Figure 12).

As said earlier, the turbidity was replaced by color de-

termination taking into account the fact that turbidity is

directly related to the color. pH 7 has been remarkably

effective in the highest removal of color from the water.

The blended coagulant alum/sago was found to be very

effective with 98% to 100% reduction in color at all the

ratios of dosage (Figure 13). The blended coagulants

alum/chitin and alum/sago were relatively successful at

an average rate of 80% decline in the color at almost all

ratios of dosage at pH 7 and 8.

Alum/sago blend has a noteworthy effect on the re-

moval of chloride from the water samples in which no

negative result was noted. The highest reduction was

observed with alum/chitin with dose of 1:5 (85.71%) at

pH 7. Indeed, pH 7 can be optimized as perfect pH for

this blend as all the ratios of dosages were quite efficient

in the removal of chloride (Figure 14).

Figure 2 Turbidity removal efficiency of alum with initial turbidities of (a) 100 and (b) 70 NTU.

Figure 3 Turbidity removal efficiency of chitin with initial turbidities of (a) 100 and (b) 70 NTU.
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Discussion
Although many studies have used synthetic water in the

experiments, this work chose to use raw water collected

directly from the surface source. Therefore, it is import-

ant to consider that the natural compounds may cause

variations in their composition, which interfere in the

treatment process. All those factors are taken into ac-

count when evaluating the obtained results.

The characteristics of the superficial water used in this

study are observed as that the water used has apparent

color, turbidity, solids, and amount of compounds with a

relatively high absorption in UV (254 nm). It is notice-

able that the water has high turbidity and color.

The effectiveness of alum, commonly used as a coagulant,

is severely affected by low or high pH. In optimum condi-

tions, the white flocs were large and rigid and settled well

in less than 10 min. This finding is in agreement with other

studies at optimum pH [24,25]. The optimum pH was 7

and was similar to the obtained results by Divakaran [26].

At high turbidity, a significant improvement in residual

water turbidity was observed. The supernatant was clear

after about 20-min settling. Flocs were larger and settling

time was lower. The results showed that above optimum

dosage, the suspensions showed a tendency to restabilize.

The effectiveness of the chitin in the present study in

the removal of various contaminants with varied pH in-

dividually and also in blended form can be traced to the

explanation from the literature that chitin has been stud-

ied as biosorbent to a lesser extent than chitosan;

however, the natural greater resistance of the former

compared to the last, due to its greater crystallinity,

could mean a great advantage. Besides, the possibility to

control the degree of acetylation of chitin permits to en-

hance its adsorption potential by increasing its primary

amine group density. Recent studies regarding the pro-

duction of chitin-based biocomposites and its applica-

tion as fluoride biosorbents have demonstrated the

potential of these materials to be used in continuous ad-

sorption processes. Moreover, these biocomposites could

remove many different contaminants, including cations,

organic compounds, and anions [27].

Chitosan has high affinity with the residual oil and ex-

cellent properties such as biodegradability, hydrophil-

icity, biocompability, adsorption property, flocculating

ability, polyelectrolisity, antibacterial property, and its

capacity of regeneration in many applications [28]. It has

been used as non-toxic floccules in the treatment of or-

ganically polluted wastewater [29].

Figure 5 Turbidity removal efficiency of bean with initial turbidities of (a) 100 and (b) 70 NTU.

Figure 4 Turbidity removal efficiency of sago with initial turbidities of (a) 100 and (b) 70 NTU.
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The effects of coagulation process on hardness are

observed for varying levels of hardness, which resulted

in significant decrease of hardness removal. The study

correlates with the results obtained by [27], wherein they

had a maximum hardness removal of 84.3% by chitosan

in low turbid water with initial hardness of about 204

mg/l as CaCO3.

Several experiments were carried out to determine the

comparative performance of chitosan on E. coli in different

turbidities. E. coli negative is present in the chitin-treated

waters in all of the turbidities. The conclusive evidence

was found for the negative influence of chitosan on E. coli.

The regrowth of E. coli was not observed in the experi-

ments after 24 h, which was similar to the observations

by [27].

As far as sago is considered, the starch was effective

both individually and as blended coagulant. Unlike poly-

aluminium chloride, the efficiency of the natural coagu-

lants is not affected by pH. The pH increased their

efficiency, which is one of the advantages of natural coa-

gulants. The principle behind the efficiency of the sago

from the literature can be stated as follows: Sago starch

is a natural polymer that is categorized as polyelectro-

lyte and can act as coagulant aid. Coagulant aid can be

Figure 6 Turbidity removal efficiency of individual coagulants.

Figure 7 Total hardness removal efficiency of individual coagulants.
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classified according to the ionization traits, which are

the anions, cations, and amphoteric (with dual charges).

Bratskaya et al. [30] mentioned that among the three

groups, cation polymer is normally used to remove

adsorbed negatively charged particles by attracting the

adsorbed particles through electrostatic force. They dis-

covered that anion polymer and those non-ionized can-

not be used to coagulate negatively charged particles.

The chemical oxygen demand (COD) reduction is influ-

enced by the concentration of sago used; the lower the con-

centration the better the removal of the COD. Using less

than 1.50 g L-1, better COD reduction is observed. At this

low concentration, settling time did not influence the COD

reduction. Similarly, concentration of sago used at lower

than 1.50 g L-1 reduced the turbidity in less than 15 min of

settling time. Sago concentration higher than 1.50 g L-1

increased the turbidity; however, settling time has an influ-

ence on the turbidity reduction at higher sago concentra-

tions. This pattern is congruent with the COD removal [31].

The sago starch-graft-polyacrylamide (SS-g-PAm) coa-

gulants were found to achieve water turbidity removal up

to 96.6%. The results of this study suggest that SS-g-PAm

copolymer is a potential coagulant for reducing turbidity

during water treatment [32].

At its optimum concentration, D. lablab seed powder

does not affect the pH of the water. Total and calcium

Figure 8 Calcium hardness removal efficiency of individual coagulants.

Figure 9 Chloride removal efficiency of coagulants.
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hardness remained almost constant and were within ac-

ceptable levels according to World Health Organization

standards for drinking water. Moreover, coagulation of

medium to high turbidity water with D. lablab seed powder

with the finest grain size reduced turbidity further. The best

performance of the finest seed powder could be due to its

large total surface area, whereby most of the water-soluble

proteins are at the solid–liquid interface during the extrac-

tion process as stated by Gassenschmidtet al. [33]. This

might have increased the concentration of active coagula-

tion polymer in the extract, which improved the coagula-

tion process. The coagulant extract from seeds has shown

antimicrobial activity in the comparative culture test, which

was also observed in the study of Tandonet al. [34].

D. lablab demonstrated the best performance with tur-

bid water, in which a turbidity removal efficiency of 87%

was observed. The restabilization of destabilized colloidal

particles, which was associated with higher residual turbid-

ities, occurred at dosages above the optimum. It is com-

monly observed that particles are destabilized by small

amounts of hydrolyzing metal salts and that optimum

destabilization corresponds with neutralization of the parti-

cles' charge. Larger amounts of coagulants cause charge

reversal so that the particles become positively charged

Figure 10 Conductivity removal efficiency of blended coagulants.

Figure 11 Total hardness removal efficiency of blended coagulants.
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and, thus, restabilization occurs, which results in elevated

turbidity levels [35]. It has also been observed that the

reduction in turbidity is associated with significant

improvements in bacteriological quality. The effect of nat-

ural coagulants on turbidity removal and the antimicrobial

properties against microorganisms may render them ap-

plicable for simultaneous coagulation and disinfection of

water for rural and peri-urban people in developing coun-

tries [36].

It is observed that blended coagulants gave utmost ef-

ficiency as compared to the traditional alum coagulants.

Here in this blending process, we reduce the alum dose

up to 80%; thus, we reduce the drawbacks of the alum.

Also, we can reduce the cost of the treatment using the

natural coagulants instead of the traditional coagulant.

E. coli is the best coliform indicator of fecal contamin-

ation from human and animal wastes. E. coli presence is

more representative of fecal pollution because it is present

in higher numbers in fecal material and generally not else-

where in the environment [37]. Results showed the ab-

sence of E. coli increases with increasing time. A greater

percentage of E. coli was eliminated in higher turbidities.

The aggregation and, thus, removal of E. coli was directly

proportional to the concentration of particles in the sus-

pension. Chitosan and other natural coagulants showed

antibacterial effects of 2 to 4 log reductions.

Antimicrobial effects of water-insoluble chitin and coa-

gulants were attributed to both its flocculation and bacteri-

cidal activities. A bridging mechanism has been reported

for bacterial coagulation by chitosan [38]. Especially with

Figure 12 Calcium hardness removal efficiency of blended coagulants.

Figure 13 Color removal efficiency of blended coagulants.
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reference to chitosan, molecules can stack on the microbial

cell surface, thereby forming an impervious layer around

the cell that blocks the channels, which are crucial for liv-

ing cells [39]. On the other hand, cell reduction in micro-

organisms, such as E. coli, occurred without noticeable cell

aggregation by chitosan.

This indicates that flocculation was not the only mechan-

ism by which microbial reduction occurred. It was found

that when samples were stored during 24 h, regrowth of

E. coli was not observed for all turbidities. It should be

noted that the test water contained no nutrient to support

regrowth of E. coli, and chitosan is not a nutrient source for

it. Another experiment was designed to check the effect of

alum alone. Regrowth of E. coli was not observed for un-

aided alum after 24 h. The number of E. coli after resuspen-

sion of sediment reached to the initial numbers after 24 h

and showed that it cannot be inactivated by alum. Such

findings have been previously reported by Bina [40].

Conclusion
Access to clean and safe drinking water is difficult in rural

areas of India. Water is generally available during the rainy

season, but it is muddy and full of sediments. Because of a

lack of purifying agents, communities drink water that is

no doubt contaminated by sediment and human feces.

Thus, the use of natural coagulants that are locally avail-

able in combination with solar radiation, which is abun-

dant and inexhaustible, provides a solution to the need for

clean and safe drinking water in the rural communities of

India. Use of this technology can reduce poverty, decrease

excess morbidity and mortality from waterborne diseases,

and improve overall quality of life in rural areas.

The application of coagulation treatment using natural

coagulants on surface water was examined in this study.

The surface water was characterized by a high concentra-

tion of suspended particles with a high turbidity. At a var-

ied range of pH, the suspended particles easily dissolved

and settled along with the coagulants added. Research has

been undertaken to evaluate the performance of natural

starches of sago flour, bean powder, and chitin to act as

coagulants individually and in blended form. In all three

cases, the main variable was the dosage of the coagulant.

The study shows that natural characteristics of starch and

other coagulants can be an efficient coagulant for surface

water but would need further study in modifying it to be

efficient to the maximum. Thus, it can be concluded that

the blended coagulants are the best which give maximum

removal efficiency in minimum time.

It is chitin and chitosan which can readily be deriva-

tized by utilizing the reactivity of the primary amino

group and the primary and secondary hydroxyl groups

to find applications in diversified areas. In this work, an

attempt has been made to increase the understanding of

the importance and effects of chitin at various doses and

pH conditions, upon the chemical and biological proper-

ties of water. In view of this, this study will attract the

attention of academicians and environmentalists.
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