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Abstract Natural coagulants have been the focus of

research of many investigators through the last decade

owing to the problems caused by the chemical coagulants.

Optimization of process parameters is vital for the effec-

tiveness of coagulation process. In the present study opti-

mization of parameters like pH, dose of coagulant and

mixing speed were studied using natural coagulants sago

and chitin in comparison with alum. Jar test apparatus was

used to perform the coagulation. The results showed that

the removal of turbidity was up to 99 % by both alum and

chitin at lower doses of coagulant, i.e., 0.1–0.3 g/L,

whereas sago has shown a reduction of 70–100 % at doses

of 0.1 and 0.2 g/L. The optimum conditions observed for

sago were 6 and 7 whereas chitin was stable at all pH

ranges, lower coagulant doses, i.e., 0.1–0.3 g/L and mixing

speed—rapid mixing at 100 rpm for 10 min and slow

mixing 20 rpm for 20 min. Hence, it can be concluded that

sago and chitin can be used for treating water even with

large seasonal variation in turbidity.

Keywords Chitin � Sago � Mixing speed � Coagulation

and Flocculation

Introduction

Because of its ability to solubilise, pure water is not found

in nature. Dissolved impurities comprise minerals, organic

compounds and gases that alter the physical (turbidity,

color, temperature, electrical conductivity), chemical

(chemical and biological demand for oxygen, pH, alkalin-

ity, total organic carbon) and biological characteristics of

water, whose effect depends on the composition, concen-

tration and chemical reactions between pollutants (Richter

2009; Theodoro et al. 2013).

Safe drinking water is essential to the health and welfare

of a community and water from all sources must have some

form of purification before consumption. Various methods

are used to make water safe and attractive to the consumer.

The method employed depends on the character of the raw

water. One of the problems with treatment of surface water

is the large seasonal variation in turbidity (McConnachie

et al. 1999).

The efficiency of suspended solid (colloid) separation

from water has been achieved by the application of

chemical coagulants such as alum, ferric chloride, and

polyelectrolyte. This process highlights a water treatment

mechanism that stimulates the aggregation of suspended

particles to settleable flocs by the destabilization of the

charged colloids thus, neutralizing the forces that keep

them apart. The factors that influence coagulation–floccu-

lation are, among others, temperature, pH, effluent quality,

dosage and coagulant type (Nnaji 2012; Jin 2005; Ma et al.

2001).

The suspended particles vary considerably in source,

composition charge, particle size, shape, and density.

Correct application of coagulation and flocculation pro-

cesses and selection of the coagulants depend upon

understanding the interaction between these factors. It is
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imperative for relevant stakeholders to fully comprehend

the technicalities involved when considering the coagulants

for rural domestic water treatment.

Usage of natural coagulants for turbid water treatment

dates back to over several millennia. So far, environmental

scientists have been able to identify several plant types for

this purpose. While it is understandable that these coagu-

lants are meant as simple domestic point of use (POU)

technology, there have also been numerous studies focused

on their usage for treatment of industrial wastewaters. The

mechanisms associated with different natural coagulants

are varied as well (Babu and Chaudhuri 2005).

To address these issues, the present work focuses on the

understanding and optimisation of various factors that

govern the process of coagulation by natural coagulants, so

that environmental experts can tailor its usage for copious

water contaminants. The coagulants nominated in this

study are a plant-based coagulant, sago and the other

derived from non-plant source chitin (widely produced

from exoskeleton of crustaceans).

Methodology

The work has been intended and implemented based on

three stages.

Optimization of coagulant dosage

The study was initialized by testing the efficiency of the

coagulants in removal of turbidity. The results from this stage

of study encouraged us to proceed further to second stage, with

the coagulant dosage optimized at 0.1, 0.2, 0.3 and 0.4 g/l.

Optimization of pH

The optimized dosages of coagulants were further exam-

ined at various pH conditions to test their efficiency and

suitability at a wide range of pH. The observations from the

study revealed the optimum pH conditions to be 6, 7 and 8.

Optimization of mixing speed and time

Coagulation is performed in two stages: first the coagulant

is rapidly mixed and then flocculation is enhanced by slow

mixing. Hence, the optimized dosages were further opti-

mized for varied mixing speed and time for each stage of

coagulation.

Further the studies were extended with the following

optimized parameters obtained from the above studies:

pH—6, 7 and 8; Coagulant dosage—0.05, 0.1, 0.15 and

0.2 g/500 ml; Mixing speed—rapid mixing at 100 mixing

speed for 10 min and slow mixing at 30 mixing speed for

20 min; rapid mixing at 80 for 2 min and slow mixing at 20

for 20 min.

Natural coagulants

Sago

Tapioca is a productive crop in poor soils and requires

the least labor in cultivation and can tolerate drought,

but the labor requirement in processing after harvest is

high (Radhakrishnan 1996). Indian sago starch is

extracted from Manihot esculenta belonging to family

Euphorblaceace. It is also known as SAGO (SABU-

DANA in Hindi or JAVVARISHI in Tamil). This sago

is native to Brazil, Amazon, Colombia, Venezuela,

West Indies, Cuba, and Puerto Rico. In India it was

introduced in later part of nineteenth century. Kerala,

Andhra Pradesh and Tamil Nadu are the major pro-

ducers of sago starch (Sabuindia 2013; Renu and Gar-

ima 2013). Dry tapioca root consists of 80–90 %

carbohydrate out of which the most important is starch.

Starch content in tapioca ranges from 78.1 to 90.1 % on

dry basis. Tapioca is mainly processed into starch and

sago. There are more than 1,000 tapioca processing

units in India producing starch and sago in cottage and

small scale sectors (Manickavasagan and Thangavel

2006).
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Chitin

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. Chitin is

one of the most abundant renewable biopolymer on earth

that can be obtained as a cheap renewable biopolymer from

marine sources (Feisal and Montarop 2010). It is biocom-

patible, biodegradable and bio-absorbable, with antibacte-

rial and wound-healing abilities and low immunogenicity;

therefore, there have been many reports on its biomedical

applications (Muzzarelli 1977).

Chitin is a long-chain polymer of N-acetyl glucosamine,

a derivative of glucose, and is insoluble in water due to its

intermolecular hydrogen bonds (Minke and Blackwell

1978). One of their most important features is the ability

(flexibility) to be shaped into different forms such as fibers,

hydrogels, beads, sponges, and membranes (Mano et al.

2007). The origin of chitin affects its crystallinity, purity,

polymer chain arrangement, and dictates its properties

(Rinaudo 2006).

Collection of samples

For the present study the surface water samples were col-

lected from two different sources in and around Visakha-

patnam, i.e., Mudasarlova and P.M. Palem. Care was taken

while collecting the samples so that a representative sample

is obtained. All samples were collected in sterile plastic

containers. The samples were transported to the laboratory

Chemical structure of (starch) amylose and amylopectin (Buleon et al. 1998)

Structure of chitin
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and all the experiments conducted within duration of 24 h.

Temperature was noted at the point of sample collection.

The water samples were subjected to the following

parameters both pre- and post-treatment with the two

coagulants (Table 1).

Determination of sample color was done using absor-

bance reading and standard curve relating absorbance and

CU. pH was determined using a pH electrode which was

calibrated with two standard buffer solutions of pH 4.0 and

9.2. The conductivity was determined using a conductivity

cell which was calibrated with standard 0.1 N KCl solution

of conductivity 14.12 mmhos at 30 �C. Turbidity was

determined using nephelometric turbidimeter which was

calibrated at 40NTU standard suspension. Alkalinity was

determined by titrimetric method using standard 0.02 N

H2SO4. Chloride was estimated by argentometric method

by titrating against 0.0141 N AgNO3. Solids were

determined gravimetrically. Hardness was determined by

EDTA method.

The specifications of Jar test apparatus used for coagu-

lation are as follows:

Made: Cintex flocculator; model: CIC-30; size:

1000 9 2400 9 3200; display: digital 12 mm red LED display

for RPM; speed: common, variable from 5 to 160 with

accuracy of ±1 RPM; capacity: suitable for 1,000 ml 9 4

No’s; illumination: fluorescent tubes; dimension: D

250 mm 9 H 560 mm 9 W 790 mm; power supply:

230 v ±10 % Ac. 50 Hz.

Result

Color is reduced up to 90 % with alum at pH 7 at both

mixing speed whereas chitin reduced more than 92 % at

the same pH at both mixing speed at all doses. With sago

color reduction was in the peak with 99.93 % in both the

mixing speeds, Fig. 1.

At 100–30 mixing speed turbidity reduction was maxi-

mum (53.85–100 %) at pH 6 for all doses of sago com-

paratively with 80–20 mixing speed which showed

maximum reduction (53.85–100 %) at pH 7. Turbidity

reduction is good at pH 7 at both mixing speed (100–30

and 80–20) and in pH 8 only at 100–30 mixing speed by

alum at all four doses but chitin showed a stability in

reduction of turbidity in all the pH at both mixing speed at

0.05 and 0.10 doses which is more than 93 %, Fig. 2.

Fig. 1 Color removal

efficiencies of the three

coagulants

Table 1 Analytical methods

Parameter Measurement Unit

pH Electrical pH meter

Turbidity Nephelo turbidimeter NTU

Conductivity Electrical conductivity meter mmohs

Color Spectrophotometer Pt–Co

Total hardness Titrimetry analysis mg/l

Calcium hardness Titrimetry analysis mg/l

Alkalinity Titrimetry analysis mg/l

Chlorides Argentometric method mg/l
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Alkalinity was also removed adequately at the higher

mixing speed at pH 6 (80 %), by sago at lower concen-

trations, whereas decrease in alkalinity is 80 % with alum

at only 0.20 doses at pH 7 at mixing speed 80 and 20 and at

pH 8 with both mixing speed. Chitin has succeeded to

decrease alkalinity at both pH 6 and pH 7 in all the doses,

Fig. 3.

The removal of chloride was perceived to be noble at pH

7 with mixing speed of 80–20 (78.57 %) by sago on the

other hand alum and chitin both are good in reduction of

Fig. 2 Turbidity removal

efficiencies of the three

coagulants

Fig. 3 Alkalinity removal

efficiencies of the three

coagulants
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chlorides by 48 % at pH 6 in both mixing speed at all

doses, Fig. 4. It is observed that total hardness reduction is

good with chitin at pH 6 with both mixing speeds. In fact,

hardness removal was good at the same mixing speed with

pH 8 (87.5 %) by sago, Fig. 5. All the results obtained

were in limits according to the Indian Drinking Water

Standards given in Table 2.

Discussion

Turbidity can change the organoleptic properties of water.

It can also provide food and shelter for pathogens in the

distribution system leading to waterborne diseases (Mac-

kenzie and Cornwell 1991). The coagulation flocculation is

considered the most important process in water surface

Fig. 4 Chloride removal

efficiencies of the three

coagulants

Fig. 5 Hardness removal

efficiencies of the three

coagulants
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treatment. Coagulation allows by the injection and the

scattering of chemical (coagulants) during relatively

intense mixing to destabilize naturally occurring particles

and macromolecules and/or to precipitate additional parti-

cles (Mackenzie and Cornwell 1991).

Flocculation permits, by the addition of synthetic or

natural polymers in slant of slow mixture, to promote the

aggregation and bind together the micro-flocs of destabi-

lized particles into larger flocks that can be removed sub-

sequently by sedimentation and/or filtration.

Recently, the use of environmentally friendly coagulants

is widened. They can be proposed as an important alter-

native for water treatment. Natural organic polymers

named biopolymers are naturally produced or extracted

from animals, plant tissues or microorganisms. These

biopolymers are not toxic for human health and are bio-

degradable. Their use as coagulants is advantageous

because they are efficient in low dosage and, therefore,

permit the reduction of sludge volume while their impact

on pH and alkalinity is insignificant (Renaut et al. 2009).

Optimization of pH

The pH will not only affect the surface charge of coagu-

lants, but also affects the stabilization of the suspension.

Besides, the solubility of chitin in aqueous solution is

influenced by pH value. Therefore, the study of pH was

essential to determine the optimum pH condition of the

treatment system. The effectiveness of alum, commonly

used as a coagulant, is severely affected by low or high pH.

In optimum conditions, the white flocs were large and

rigid, and settled well in less than 20 min. The reduction of

turbidity and other parameters was observed to be good at

pH 7. The results were in correlation with the studies done

by Bina et al. 2009. This finding is in agreement with other

studies at optimum pH (Ebeling et al. 2003). The optimum

pH was 7 and was similar to the obtained results by Di-

vakaran (Divakaran and Pillai 2002).

The best performance of alum was observed at pH 7

over the selected range of turbidity but its performance

decreased to some extent at pH values of 6 and 8. Coag-

ulation efficiency of alum at pH 6 was almost close to that

of at pH 7. The highest turbidity removal was attained at

pH 7.

The relationship between the optimum dosage, pH and

turbidity reduction value shows that the optimum dosage of

chitin with respect to reduction in turbidity is smaller in

acidic solutions. This phenomenon can be attributed to the

increase in number of protonated amine groups on chitin at

lower pH. Similar results were obtained when chitosan is

used as a coagulant by Jill et al. 1999, in their experiments

where they stated that the destabilization of particles was

enhanced by the increase in charged groups followed by

charge neutralization, resulting in a decrease in optimum

dosage.

Turbidity removal is observed at lower pH, the resulting

floc diameter is smaller, accompanied by a slower settling

velocity. This may be explained by the variation in the

configuration of chitosan. In neutral solutions, because of

the more coiled structure, the chitosan polymer is able to

produce larger and denser flocs. In acidic solutions, it

becomes a more extended chain (more charged), and,

therefore, produces smaller and looser flocs. Moreover, the

effect of pH on the coagulation efficiency of chitosan is

insignificant. The evidence infers that charge neutralization

is not a major mechanism controlling the formation of floc

for chitosan coagulation (Chihpin Huang and Yin Chen

1996).

The color removal patterns of both alum and chitin were

observed to be good at neutral pH, further more chitin has

shown moderate efficiency in removing color at both the

acidic and basic pH ranges, i.e., at pH 6 and also 8. This

may be as a result of resuspension of solids at this con-

centration. Furthermore, the high concentrations

([30.0 g L-1) of the coagulant may confer positive char-

ges on the particle surface (a positive-zeta potential), thus

redispersing the particles (Amuda et al. 2006).

From the results it is implicit that the reduction of color

was nearly 100 % by the sago starch. A study by Di

Frollini and Bernard (2000) using corn starch and cationic

Table 2 Indian standard

specifications for drinking water

IS: 10500

S.No Parameter Measurement Unit Requirement desirable Limit

1 pH Electrical pH meter 6.5–8.5

2 Turbidity Nephelo turbidimeter NTU 10

3 Conductivity Conductivity meter mmohs –

4 Color Spectrophotometer Pt–Co 5

5 Total hardness Titrimetry analysis mg/l 300

6 Calcium hardness Titrimetry analysis mg/l 75

7 Alkalinity Titrimetry analysis mg/l 200

8 Chlorides Argentometric method mg/l 250
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waxy cassava (essentially 100 % amylopectin), and cat-

ionic synthetic polymer, demonstrated that cationic waxy

cassava starch was more efficient than the other two

polymers in removing turbidity and apparent color, the

settling velocities studied. Furthermore, the cationic corn

starch generated better results than those obtained with the

cationic synthetic polymer. The authors attribute the good

results obtained with the cationic tapioca starch for its high

molecular weight, and mechanisms of action have been the

predominant adsorption and bridging.

It was also found that the reduction of alkalinity by

chitin was quite moderate to low at pH 6 and 7 and the

alkalinity was observed to be increased at pH 8. The high

content of amine groups in chitin provides cationic charge

at acidic pH and can destabilize colloidal suspension to

promote the growth of large, rapid-settling floc that can

then flocculate (Roussy et al. 2005). Because it is a long-

chain polymer with positive charges at natural water pH, it

can effectively coagulate natural particulate and colloidal

materials, which are negatively charged, through adsorp-

tion, charge neutralization, inter-particle bridging as well

as hydrophobic flocculation (Li and Kegley 2005).

Alkalinity variations were observed to be moderate

when treated with sago starch. In terms of action on the

physico-chemical characteristics of the clarified water, the

natural polymers and coagulants show or cause little vari-

ation in pH, alkalinity, conductivity and concentration of

cations and anions. Being from natural sources, these

compounds can generate value-added products, presenting

itself as a new source of income. In general, the natural

polymers have efficiency in removal of turbidity of water,

comparable or superior to that achieved by metal coagu-

lants, spending a lower dosage. These products proved to

be not dependent on temperature or pH correction and

alkalinity of the water to work efficiently (Theodoro et al.

2013).

Based on the results it is found that chitin has not con-

siderable potential to be used in the treatment of hard

waters, especially in medium and high turbidities. It can be

seen that the removal of hardness decreased with increas-

ing hardness values (Bina et al. 2009). The presence of

bivalent cations such as Ca?2 and Mg?2 increased the ion

strength of solution and the destabilization. Chitin fibers

absorb calcium ions very selectively, forming a chelate.

The amide groups involvement is very clear, and the

hydroxy groups [either the C(6) or the C(2)] has been

suggested to participate too. The selectivity seems to be

caused by the chelation mechanism (Zikakis 1984). Hence,

the optimum pH for alum was found to be 7, whereas chitin

was substantially stable at all the given pH ranges.

The removal of total solids in the present study was up

to a maximum of 70 % which correlates with the studies

performed by Hasçakir (2003). Total solids, turbidity, SS,

oil & grease, and color parameters were measured

throughout the experimental studies by Hasçakir (2003).

Coagulation–flocculation–sedimentation (CFS) with starch

in their studies has shown that treatment performances are

poor in general except oil and grease removals for domestic

wastewater. They have achieved almost 100 % oil and

grease removal for domestic wastewater as a result of the

CFS process with starch.

Optimization of mixing time

In coagulation process, rapid mixing is used to spread out

the coagulant throughout the turbid water. In flocculation

process, slow mixing is a key part to get most favorable

performance. Adequate time must be provided to allow

production of particles of sufficiently large size to permit

their efficient removal in sedimentation process (Wang

et al. 2005). The time of macrofloc formation (flocculation

time) is one of the operating parameters that is given great

consideration in any water treatment plant that involves

coagulation–flocculation operations.

The turbidity reduction was observed to be prodigious at

high rpm, i.e., 100–30 rpm at all pH ranges. The results

were in correlation with the studies done by Jadhav and

Mahajan 2013. In their studies substantial reduction of

residual turbidity was achieved by S.S-g-PAml. The per-

formance of S.S-g-PAml was found to be good as com-

pared to liquid alum with the advantages of the

biodegradability of S.S-g-PAml as well as less dosage of

S.S-g-PAml used as compared to liquid alum (Qudsieh and

Isam Yassin 2006).

Effect of coagulant dose

Coagulation dosage is one of the most important factors

that have been considered to determine the optimum con-

dition for the performance of coagulants in coagulation and

flocculation. Essentially, insufficient dosage or overdosing

would result in the poor performance in flocculation.

Therefore, it is significant to determine the optimum dos-

age to minimize the dosing cost and sludge formation and

also to obtain the optimum performance in treatment (Patel

and Vashi 2013).

The optimum alum dosage was lower (1 g L-1) which

was the lowest required dosage obtained the highest tur-

bidity removal. The best performance of alum in removing

turbidity from water was obtained at pH 7 following by pH

6. The coagulation efficiency of alum remained almost

constant within the dosage range of 1–4 g L-1 at pH range

of 6–8. In other words, results showed that alum dosage

range for good coagulation was almost wide in this study.

However, overdosing was observed for low to medium

turbidity waters when 5 g L-1 alum was used.
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The results were in agreement with the report by Yu-

kselen and Gregory 2004. Turbidity removal efficiency was

slightly decreased by increasing alum concentration from

40 to 50 mg L-1, e.g., turbidity removal decreased from

97.1 to 95.7 % at pH 6 (initial turbidity of 100 NTU). This

reduction may be attributed to charge reversal and desta-

bilization of colloidal particles due to overdosing as also

suggested by Yukselen and Gregory (2004).

Generally, aluminum and iron salts are rapidly hydro-

lyzed in water to give a range of products including cat-

ionic species which can be absorbed by negatively charged

particles and neutralize their charge. This is one mecha-

nism whereby particles can be destabilized, so that floc-

culation can occur. Overdosing can disrupt this

phenomenon, therefore, fairly precise control of coagulant

dosage should be considered in water treatment plants.

Results indicated that turbidity removal efficiency was

varied by pH, alum dose and initial turbidity of water. The

obtained results are in accordance with those obtained by

Volk et al. (2000).

From the investigations steered by various researchers it

has been observed that the addition of chitosan contributes

to TOC increase in the solution that could affect the

coagulation mechanism. According to the experiments by

Bina et al. 2009 in their studies taking into account the low

dosage of chitosan in these experiments (systematically

less than 1 mg/L), the amount of organic carbon introduced

would remain low enough (less than 0.8 mg/L) to make its

contribution negligible on the coagulation–flocculation

performance. The results showed that chitosan could be

used as natural coagulant aid for drinking water treatment.

Conclusion

Environmental requirements are becoming highly impor-

tant in today’s society, since there is an increased interest

in the industrial use of renewable resources such as starch

and chitin considerable efforts are now being made in the

research and development of polysaccharide derivatives as

the basic materials for new applications. In particular, the

increasing costs of conventional adsorbents undoubtedly

make polysaccharide-based materials one of the most

attractive biosorbents for wastewater treatment. Recent and

continuing interest in these macromolecules is evident

from the number of papers that appear each year in the

literature on this topic (Blackburn 2004; Guibal 2004).

The jar test experiments were performed on surface

waters with turbidity. The coagulation experiments using

aluminum sulfate, chitin and sago indicated that coagula-

tion process effectively removed turbidity from water using

0.1–0.4 g L-1 of the used coagulants. The optimum pH

range for turbidity removal was found to be 7 for alum and

6–8 for chitin, respectively, resulting in the maximum

turbidity removal.

In general the reduction in other physico-chemical

parameters was very good with alum at only pH 7 but

chitin and sago were quite constant and proficient at the

varied pH ranges of 6–8. Investigating the influence of

mixing speed on trends of turbidity removal by alum chitin

and sago, the results have shown that the ability of chitin

and sago can be used in wide range of pH and at higher

mixing speed conditions.

Moreover, the effect of pH on the coagulation efficiency

of chitin is insignificant. The evidence infers that charge

neutralization is not a major mechanism controlling the

formation of floc for chitosan coagulation (Chihpin Huang

and Yin Chen 1996).

Starch flocculants have a series of virtues such as non-

toxicity, abundance in resources, low price and biode-

gradability. In recent years, people had paid high attention

to develop and apply it in treating water. But in practice,

complexes of polyacrylamide and Al2 (SO4)2 is mainly

used in water flocculation because of its good flocculation

performance and low dosage. Environmentally friendly

chemicals should be chosen for the treatment of waste-

water. Therefore, in this study starch is selected for the

treatment of surface water. During the study the new,

natural, easily available and environmentally friendly

product is used as coagulant and flocculant.

Hence, it is concluded that chitin and sago have prop-

erties that are of interest in water treatment. Chitin is a

remarkable chelating agent and heavy metal trap. It has the

ability to coagulate a variety of small particles including

colloidal size particles and can even be used to destabilize

many oil emulsions to aid in separating oil from water

(http://www.aces.edu). Starch offers certain advantages

such as availability (easy to obtain), cost, neutral pH con-

ditions, etc., thus, makes their uses reasonable. However,

despite all the associated benefits, natural coagulants and

polymers should be effectively applied to the process of

water clarification in scale only after undergoing tests

certifying its non-toxicity, biodegradability and viability.

Further efforts should be made to improve flocculation

efficiency of starch as flocculant to take place of complexes

of polyacrylamide and Al2 (SO4)2.
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