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Abstract Coagulation–flocculation–sedimentation pro-

cesses for treating three levels of bentonite synthetic turbid

water using date seeds (DS) and alum (A) coagulants were

investigated in the previous research work. In the current

research, the same experimental results were used to adopt a

new approach on a basis of using coagulation rate constant

as an investigating parameter to identify optimum doses of

these coagulants. Moreover, the performance of these

coagulants to meet (WHO) turbidity standard was assessed

by introducing a new evaluating criterion in terms of critical

coagulation rate constant (kc). Coagulation rate constants

(k2) were mathematically calculated in second order form of

coagulation process for each coagulant. The maximum (k2)

values corresponded to doses, which were obviously to be

considered as optimum doses. The proposed criterion to

assess the performance of coagulation process of these

coagulants was based on the mathematical representation of

(WHO) turbidity guidelines in second order form of coag-

ulation process stated that (k2) for each coagulant should be

C (kc) for each level of synthetic turbid water. For all tested

turbid water, DS coagulant could not satisfy it. While, A

coagulant could satisfy it. The results obtained in the present

research are exactly in agreement with the previous pub-

lished results in terms of finding optimum doses for each

coagulant and assessing their performances. On the whole, it

is recommended considering coagulation rate constant to be

a new approach as an indicator for investigating optimum

doses and critical coagulation rate constant to be a new

evaluating criterion to assess coagulants’ performance.

Keywords Coagulation rate constant � Kinetics

modeling � Coagulants’ performance � Turbidity removal

Introduction

Coagulation is the process of destabilizing colloids,

aggregating them, and binding them together for ease of

sedimentation. This is achieved by adding simple salts or

by charge neutralization, resulting in a tendency in the

aggregates (coagula) to be small and dense. Flocculation is

limited to the cases where polymer bridging is the domi-

nant mechanism and aggregates (flocs) tend to be larger

and more open in structure. In the area of water and

wastewater treatment, coagulation refers to destabilization

by the dosing of appropriate additives and flocculation

refers to the formation of aggregates usually by some form

of fluid motion (Gregory 2006).

The coagulation mechanisms depending on the physical

and chemical properties of the solution, pollutant and

coagulant include charge neutralization, double layer

compression, bridging and sweep (Holt et al. 2002).

Coagulation and flocculation constitute the backbone

processes in most water and advanced wastewater treat-

ments plants (Wang et al. 2005) in which they are of great

importance in solid–liquid separation practice (Yukselen

and Gregory 2004) and widely used to remove turbidity in

the form of suspended as well as colloidal materials from

synthetic turbid water (Jadhav and Mahajan 2013; Kılıç
and Hoşten 2010) and raw surface water (Esther et al.

2013; Zainal-Abideen et al. 2012).

The expression of kinetic was early introduced for the

time evolution of particle aggregates on the basis of a mean

filed of theory of identical particles in a matrix. The rate of

aggregation of particles depends on physical properties of
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the system such as shape and size of particles, composition,

interactive forces, frequency of collision and probability of

sticking once collision has occurred. These factors can vary

based on many conditions such as temperature, solution pH

or other chemical properties that affect particle correla-

tions, and presence of an external field (Smoluchowski

1917).

Modeling is a valuable engineering tool in both design

and operation of treatment plants. It also helps to develop a

better understanding of the treatment processes and provide

a significant potential for solving operational problems as

well as reducing operational cost in a specific treatment

processes. Coagulation kinetics modeling of water treat-

ment plants can be used for process optimization and

testing of control strategies to meet effluent quality

requirements at a reasonable cost. The kinetics of coagu-

lation has been investigated for several kinetics functional

parameters such as order of coagulation process, coagula-

tion rate constant, coagulation time, coagulation period,

collision factor for Brownian transport and collision effi-

ciency. In addition, various forms of the rate law equation

have been analytically solved (Okolo et al. 2014; Nnaji

et al. 2014; Chukwudi and Onukwuli 2011; Ani et al.

2011).

The objective of the current research was to develop a

new approach using coagulation rate constant determined

on the basis of experimental results reported by Al-Sam-

eraiy (2012) as an indicator to investigate the optimum

doses of date seeds and alum coagulants, and introducing a

new evaluating criterion in terms of critical coagulation

rate constant to assess the performance of coagulation

process of these coagulants in achieving the minimum level

of residual turbidity to satisfy WHO turbidity standard

guidelines.

Materials and methods

The three selected levels of bentonite synthetic turbid water

namely: low (75 NTU), medium (150 NTU) and high (300

NTU) as well as the doses of natural coagulant (date seeds,

DS) and inorganic coagulant (alum, A) in the range

(10–100 mg/L) under various settling times from 30 to

120 min using a standard jar test apparatus to simulate

coagulation, flocculation and sedimentation processes were

carried out by Al-Sameraiy (2012). In the current research,

his experimental data findings were used to investigate

coagulation kinetics modeling in terms of second order of

coagulation process form for coagulation rate constant and

critical coagulation rate constant.

Coagulation kinetics modeling

It is well known that the fundamentals of the rate of

aggregation started from the classic work of Smoluchowski

(1917). After a period of the aggregation of particles, size

distribution and shape of these particles can be changed

basically. To describe the aggregation rate of particles

count based on the Brownian controlled and rapid coagu-

lation, the general differential equation can be shown

below:

� dc

dt
¼ kc

a ð1Þ

where a is the order of coagulation process, k is the

coagulation rate constant in (L/mg�min), c is the total

concentration of constituent particles in (mg/L) at time

t (min).

To simplify and solve the Eq. (1), the theoretical val-

ues of the order of coagulation process (a) are in the

range of (1 B a B 2) (Chukwudi et al. 2009; WST 2003).

Basically, Elimelech et al. (1995) proposed that the

aggregation process is predominant in the form of second

order by which the collision is proportional to the product

of concentrations of two colliding species. Moreover, in

real and empirical practice, extensive studies such as (Ani

et al. 2012; Ifeanyi et al. 2012; Ugonabo et al. 2013) used

(a = 2) and found that it was more logical in representing

primarily the aggregation rate of particles count on the

basis of Brownian controlled and rapid coagulation pro-

cess. Based on the above aforementioned, substituting

(a = 2) in the Eq. (1) and integrating it with the fol-

lowing boundary conditions, at initial condition (t = 0,

c = c0) and at final condition (t = t, c = c) to obtain

Eq. (2):

1

c
¼ k2t þ

1

c0

ð2Þ

Rearranging the Eq. (2) to get Eq. (3), which is used to

calculate the values of (k2) mathematically in the current

research:

k2 ¼ 1=c� 1=c0

t
ð3Þ

where k2 is the second order coagulation rate constant.

The total concentration of bentonite constituent particles

of three levels of synthetic turbid water as blank before

treatment (c0) and after treatment (c) used in Eq. (3) could

be expressed in either (mg/L) and the unit of (k2) would be

(L/mg�min) or (NTU) as turbidity reading (WST 2003;

Ni’am et al. 2007) and the unit of (k2) would be

(NTU-1�min-1).
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Results and discussion

Coagulation rate constant as an investigating

parameter for optimum coagulant dose

Dosage is one of the most important parameters, which has

been considered to determine the optimum conditions for

the coagulation and flocculation. Basically, insufficient

dosage or overloading would result in the poor perfor-

mance in flocculation. Therefore, it was crucial to deter-

mine the optimum dosage in order to minimize the dosing

cost and obtain the optimum performance in treatment

(American Water Works Association (AWWA) 2000). In

conventional water treatment practice, finding the optimum

dose for each coagulant is a problem that must be solved

and determined by empirical experiments. The experi-

mental results obtained and reported by Al-Sameraiy

(2012) are briefly summarized in Tables 1, 2, 3 based on

the best settling time of (120 min). It is clear to see from

these tables that the values of residual turbidity of DS

coagulant are higher than that of A coagulant at all the

investigated doses from 10 to 100 mg/L for three tested

levels of low, medium and high synthetic turbid water. This

variation in performance of these coagulants is expected

due to every coagulant has ability in terms of coagulation

activity for turbidity removal. In consequence, this ability

plays a vitally important role in investigating the optimum

dose for coagulation–flocculation process (Al-Sameraiy

2012). The objective of this section is only to use coagu-

lation rate constant (k2) as an investigating parameter to

identify optimum doses of (DS and A) coagulants in spite

of their performances in terms of satisfying the (WHO)

turbidity standard of drinking water.

In the current research, the experimental results recor-

ded in Tables 1, 2, 3 were used to find the values of second

order coagulation rate constant (k2) in which these values

Table 1 Investigated optimum dose for (DS and A) coagulants as a function of residual turbidity according to WHO turbidity standard at low

synthetic turbid water (Al-Sameraiy 2012)

Investigated

doses (mg/L)

DS coagulant Optimum

dose (mg/L)

WHO turbidity

standard B5 NTU

A coagulant Optimum

dose (mg/L)

WHO turbidity

standard B 5NTU

Residual turbidity (c) in (NTU) after settling time (120 min)

10 11.40 30 Not satisfied 2.10 10 Satisfied

20 7.90 5.87

30 5.20 8.13

40 7.40 7.76

50 6.45 8.68

60 8.20 7.23

70 8.98 9.36

80 9.70 7.56

90 9.16 9.81

100 10.30 9.41

Table 2 Investigated optimum dose for (DS and A) coagulants as a function of residual turbidity according to WHO turbidity standard at

medium synthetic turbid water (Al-Sameraiy 2012)

Investigated

doses (mg/L)

DS coagulant Optimum

dose (mg/L)

WHO turbidity

standard B5 NTU

A coagulant Optimum

dose (mg/L)

WHO turbidity

standard B5 NTU

Residual turbidity (c) in (NTU) after settling time (120 min)

10 25.90 60 Not satisfied 6.00 20 Satisfied

20 23.50 4.18

30 21.80 5.80

40 20.60 8.59

50 20.80 11.58

60 14.90 11.00

70 17.00 11.38

80 17.60 10.90

90 26.40 10.40

100 27.00 10.61
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of (k2) for DS and A coagulants were mathematically

determined by substituting the residual turbidities of these

coagulants for every level of low, medium and high syn-

thetic turbid water at the end of settling time (120 min)

directly in Eq. (3). The relationship between calculated

(k2) versus the doses of DS and A coagulants were shown

in Figs. 1, 2, 3, 4, 5, 6.

In low synthetic turbid water, Fig. 1 shows that the

maximum value of (k2) for DS coagulant was 0.00149

(NTU-1�min-1) corresponded to the dose of 30 mg/L. This

dose is to be considered an optimum dose compared with

other doses. Figure 2 indicates that the maximum value of

(k2) for A coagulant was reported as 0.00386 (NTU-1�
min-1) occurred at the dose of 10 mg/L, which is an

optimum dose for alum coagulation process.

In medium synthetic turbid water, Figs. 3, 4 demonstrate

that the highest values of (k2) for DS and A coagulants

were found to be 0.00050 and 0.00194 (NTU-1�min-1) that

corresponded to the doses of 60 and 20 mg/L respectively.

These doses are the optimum doses for DS (60 mg/L) and

A (20 mg/L) coagulation process.

Similar results were obtained with high synthetic turbid

water as shown in Figs. 5, 6. The maximum value of (k2)

for DS coagulant was 0.00014 (NTU-1�min-1) in which it

occurred at dose of 80 mg/L, which represents an optimum

dose. Whilst Fig. 6 states that the highest value of (k2) for

A coagulant was recorded as 0.00186 (NTU-1�min-1) and

corresponded to the optimum dose of 60 mg/L.

In general, it can be seen from the results reported in

Figs. 1, 2, 3, 4, 5, 6 that the values of (k2) for each of DS

Table 3 Investigated optimum dose for (DS and A) coagulants as a function of residual turbidity according to WHO turbidity standard at high

synthetic turbid water (Al-Sameraiy 2012)

Investigated

doses (mg/L)

DS coagulant Optimum

dose (mg/L)

WHO turbidity

standard B5 NTU

A coagulant Optimum

dose (mg/L)

WHO turbidity

standard B5 NTU

Residual turbidity (c) in (NTU) after settling time (120 min)

10 72.70 80 Not satisfied 7.70 60 Satisfied

20 70.70 7.00

30 65.60 6.50

40 60.50 6.00

50 63.00 5.50

60 57.20 4.41

70 52.70 5.10

80 50.20 7.10

90 57.20 7.20

100 60.50 7.70

Fig. 1 The relationship

between (k2) and DS coagulant

doses at low synthetic turbid

water
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Fig. 2 The relationship

between (k2) and A coagulant

doses at low synthetic turbid

water

Fig. 4 The relationship

between (k2) and A coagulant

doses at medium synthetic

turbid water

Fig. 3 The relationship

between (k2) and DS coagulant

doses at medium synthetic

turbid water
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and A coagulants increased gradually with an increase in

the initial coagulant doses to reach a maximum value at a

certain dose, which represents an optimum dose and then

decreased steadily to reach a minimum values. This

behavior is expected in which it could be explained by the

fact that the optimal dose of coagulant in suspension causes

larger amount of solid to aggregate and settle. However an

overoptimal amount coagulant would cause the aggregated

particles to re-disperse in the suspension and would also

disturb particle settling (Al-Sameraiy 2012; Chaudhuri and

Khairuldin 2009; Divakaran and Pillai 2002). On the other

hand, in terms of residual turbidity, it decreases with

increasing the coagulant doses, but after a certain dose, the

suspension showed a tendency to restabilize and further

increase in coagulant doses adversely affected turbidity

removal as residual turbidity (Al-Sameraiy 2012; Diaz

et al. 1999). The optimum doses of each coagulant in these

figures were selected on a basis of the maximum values of

(k2), which corresponded to these doses.

It is obvious from the results reported that the numeric

values of coagulation rate constant (k2) depends basically on

the several affecting parameters including: the initial tur-

bidity level of synthetic turbid water, type of coagulant and

coagulant doses. This is expected mathematically to get

different values of (k2) when used Eq. (3) on the basis of

second order form of coagulation process. Consequently, the

values of (k2) would vary with the type of coagulant used,

initial turbidity level of synthetic turbid water and coagulant

dose. Table 4 shows the relationship between the second

order coagulation rate constant and the affecting parameters.

Fig. 5 The relationship

between (k2) and DS coagulant

doses at high synthetic turbid

water

Fig. 6 The relationship

between (k2) and A coagulant

doses at high synthetic turbid

water
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In terms of real applications and process scale-up, it is of

importance to mention that the values of (k2) for each

coagulant in the current research should be specifically

selected based on the initial turbidity level of synthetic

water involving low (75 NTU), medium (150 NTU) and

high (300 NTU). Accordingly, it is not required to modify

or correct the order of coagulation process.

The results obtained in Figs. 1, 2, 3, 4, 5, 6 are exactly in

accordance with the experimental data reported in

Tables 1, 2, 3 relating to find the optimum doses for each

coagulant by which the using of both coagulation rate

constant (k2) in the current research and residual turbidity

obtained by Al-Sameraiy (2012) leading to identify the

optimum doses for each coagulant accordingly. These

findings using the highest numeric values of coagulation

rate constant (k2) gave a successful indicator to investigate

the optimum doses for each coagulant of coagulation pro-

cess. The order of coagulation process, a = 2 showed that

an excellent representation in terms of satisfaction of the

experimental results in the current research.

Critical coagulation rate constant as an evaluating

criterion for coagulants’ performance

World Health Organization (WHO) guidelines recommend

the upper limit of turbidity for finished water is 5 NTU

(WHO 1996, 2006, 2008). In terms of mathematical rep-

resentation of this recommendation, critical coagulation

rate constant (kc) could be introduced according to the

following assumption:

c: is equal to (5 NTU) referring to the upper limit of

(WHO) water turbidity (WHO 1996, 2006, 2008).

c0: is the concentration of synthetic turbid water levels

including: low (75 NTU), medium (150 NTU) and high

(300 NTU) (Al-Sameraiy 2012).

t: is the end of predetermined settling time and equal to

(120 min) (Al-Sameraiy 2012).

Substituting the values of (c, c0, t) in Eq. (3) to obtain

the values of (kc) as shown in Table 5:

To assess the performance of coagulation process for

each coagulant of date seeds and alum at their optimum

doses in terms of satisfying (WHO) turbidity drinking

water guidelines (WHO 1996, 2006, 2008), the following

criterion was proposed:

k2ð Þ for each coagulant� kcð Þ
for each level of synthetic turbid water

ð4Þ

The validity of the proposed criterion was tested with

the results obtained by Al-Sameraiy (2012) in terms of

residual turbidity of coagulation process as shown in

Tables 1, 2, 3 in order to meet (WHO) turbidity standard

(B5 NTU) of drinking water.

Based on the results shown in Figs. 1, 2, 3, 4, 5, 6, it can

be clearly observed that the maximum values of (k2) cor-

responded to the optimum doses for each coagulant. These

values of (k2) at their predetermined optimum doses are

assessed according to the proposed criterion (Eq. 4) in

Figs. 7, 8, 9.

In low synthetic turbid water, Fig. 7 shows the value of

(k2) for DS coagulant at the optimum dose (30 mg/L) is

0.00149 (NTU-1�min-1) lower than (kc) value of 0.00156

(NTU-1�min-1) as shown in Table 5 and thus it could not

satisfy the proposed criterion (Eq. 4). This means that its

performance could not meet (WHO) turbidity standard.

Similarly, according to Table 1, it produced residual tur-

bidity of 5.2 NTU higher than 5 NTU as (WHO) turbidity

standard. While for alum coagulant, the value of (k2) at the

optimum dose (10 mg/L) is 0.00386 (NTU-1�min-1)

higher than (kc) value of 0.00156 (NTU-1�min-1) and it

could successfully satisfy the proposed criterion. As a

result, the performance of A coagulant could meet (WHO)

turbidity standard. Also, as shown in Table 1, it produced

residual turbidity of 2.1 NTU and satisfied (WHO) tur-

bidity standard accordingly.

In medium synthetic turbid water, Fig. 8 states that the

(k2) values for DS and A coagulants at their optimum

doses of 60 and 20 mg/L are 0.00050 and 0.00194

(NTU-1�min-1) lower and higher than (kc) value of

0.00161 (NTU-1�min-1) as shown in Table 5 respectively.

DS coagulant could not satisfy the proposed criterion.

Likewise, according to Table 2, it produced residual tur-

bidity of 14.9 NTU higher than the upper limit of (WHO)

turbidity standard. On the other hand, alum coagulant could

effectively satisfy the proposed criterion. In the same way

as shown in Table 2, it satisfied (WHO) turbidity standard

by producing residual turbidity of 4.18 NTU.

Table 4 Second order coagulation rate constant (k2) as a function of

several affecting parameters

Synthetic turbid water (NTU) k2 (NTU-1�min-1)

DS coagulant A coagulant

Low (75) 0.00149 0.00386

Medium (150) 0.00050 0.00194

High (300) 0.00014 0.00186

Table 5 Critical coagulation rate constant (kc) as a function of

synthetic turbid water levels

Synthetic turbid water c0 (NTU) kc (NTU-1�min-1)

Low 75 0.00156

Medium 150 0.00161

High 300 0.00164
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Similar observations were reported with high synthetic

water as shown in Fig. 9. At the optimum dose

(80 mg/L) of DS coagulant, the value of (k2) is 0.00014

(NTU-1�min-1) smaller than (kc) value of 0.00164

(NTU-1�min-1) as shown in Table 5. Consequently, its

performance could not meet (WHO) turbidity standard

since it could not satisfy the proposed criterion. Also,

according to Table 3, it produced residual turbidity of 50.2

NTU higher than the standard value of turbidity according

to (WHO) guidelines. Whilst at the optimum dose

(60 mg/L) of A coagulant, the value of (k2) is 0.00186

(NTU-1�min-1) greater than (kc). Hence, it could effi-

ciently satisfy the proposed criterion. In the same way as

shown in Table 3, it produced residual turbidity of 4.41

NTU and satisfied (WHO) turbidity standard accordingly.

Conclusion

The results obtained in the current research in terms of the

second order coagulation rate constant as an investigating

parameter to find the optimum doses of coagulation process

Fig. 7 (kc) as an evaluating

parameter compared with (k2)

for DS and A coagulants at

predetermined optimum doses

and low synthetic turbid water

Fig. 8 (kc) as an evaluating

parameter compared with (k2)

for DS and A coagulants at

predetermined optimum doses

and medium synthetic turbid

water
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for date seeds and alum coagulants as well as the critical

coagulation rate constant as an evaluating criterion to

assess the performance these coagulants were tested and

validated with the published results by Al-Sameraiy (Al-

Sameraiy 2012). They are exactly in accordance with his

findings. Therefore, it is reasonable to consider this

approach in the current search to be a new approach in

coagulation kinetics modeling for monitoring the perfor-

mance of water treatment plants to meet effluent quality

requirements.
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