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Rapid Coagulation/Flocculation Kinetics of Coal Effluent with High Organic
Content Using Blended and Unblended Chitin Derived Coagulant (CSC)
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Abstract: The coagulation performance of crab shell coagulant (CSC) using coal washery effluent has been
investigated at room temperature using various dosages of blended and unblended CSC. In addition, the
coagulation reaction rate constant, K, the order of reaction, & and the distribution of particles were also
determined. Turbidity measurement was employed using the nephelometric (turbidimetric) standard method.
The least and highest values for order of reaction (&) recorded are 0.9 and 6 whule that of reaction constant (K)
are 1.6618=<10" L g min~" and 6.6823x10°min~', respectively. The best tubidity removal occurred for
400 mg L™ Alum + 100 mg L.™' FeCl,and 400 mg I.~! CSC. With the exception of few, the computed order of
reaction agrees with the results of previous workers. The results obtained confirmed that the theory of fast
coagulation holds for the coagulation of the coal washery effluent using the coagulants mvestigated and at

the conditions of the experiment.
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INTRODUCTION

Coagulation and flocculation processes are of
practical importance i waste water treatment.
Traditionally, the coagulation process is described in
terms of the destabilization of colloids initially present in
water supply (Ma et al., 2001). The destabalised colloids
overcome their repulsive forces leading to the aggregation
of the particles to form flocs (D1 Terlizzi, 1994; Edzwald,
1987, O"Melia, 1978).

Toremove colloidal materials, a floc forming chemical
1s needed to sweep off the suspended colloidal material
and as much of the solute as possible.

There are numerous factors that
coagulation/flocculation process such as raw water
quality, temperature, chemical and bacteriological
parameters, treatment device structure as
coagulant types and dosages (Jin, 2005).

Coagulation/flocculation of waste water may be
accomplished with any of the common water coagulants
mcluding lime, won and aluminum salts and synthetic
polymers. The coagulation performance and behaviour of
these common coagulants/flocculants have been well
mvestigated by means of nephelometry with little or no
attention given to the coagulation potential of many
animal and plant derivatives. To this end, a focus is
hereby given to the study on crab shell as a potential

influence

well as

source of coagulant derivative. Crab shell 1s a natural
carbohydrate bipolymer derived by deacetylation of
chitin, a major component of the shells of crustacean such
as crab, shrimps and crawfish (Fernandez-Kim, 2004).

Crab shell coagulant (CSC) is a non-toxic,
biodegradable and bicompatible polymer. Previous
results obtained from the study on crustacean derived
coagulants highlight promising renewable polymeric
materials with extensive application in removal of colloidal
particles n wide range of effluent media (Fernandez-Kim,
2004).

However, in spite of the abundance of crabs in our
local communities m Nigeria, little or no comprehensive
work has been reported. Agamst this backdrop, this work
endeavours to explore and generate interest in the
utilization of crab shell as coagulants. The work embraces
some aspect of coagulation performance, kinetics and
mechanism associated with coagulation of coal washery
effluent using CSC and it blends with FeCl; and alum.
Thus, if well developed, CSC can serve as a suitable
replacement either in total or m part for the
polyelectrolytes and synthetic coagulants that are not
only costly but environmentally unfriendly.

MATERIALS AND METHODS

The experimental procedures were conducted based
on international Bench Scale Tar test and Standard
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Nephelonometric Method for the examination of water and
wastewater (WST, 2005, AWWA, 2005, APHA, 2005,
Greenberg, 1992; Bagwell et al., 2001, JAWWA 1985).

Theoretical principles and model development: The
kinetics of Brownian coagulation of monodispersed
particles at the early stage is described generally by:

dac —KC* (1

dt

Taking in of Eq. 1 gives:
(2)

In[%] InK +aInC

From which K anda can be determined from a plot of:

In [ﬂlc] vs InC.
dt
where,
K = Coagulation rate constant/collision frequency/
Absolute coagulation rate constant.
¢ = The order of coagulation reaction.
C = The concentration of the particles (T'33).

Tt has been shown by many workers that for the
conditions described above (Fridrikhsberg, 1984; Van-
Zanten and Elimelechi, 1992; Smoluchowski, 1917).

K =8nRD
o=72 3)
R'=2a (4
where,
a = Particle radius.
D = Daffusivity.

From Einstein’s Equation (Fridrikhsberg, 1984;
Danov et al., 2001):

D=K;T/B. (3)
where,
B = The friction factor.
T = Absolute temperature (°K).

Ky = The Boltzman constant (molar gas constant per
particle).

For the simplest case of a smooth spherical particle of
radius a, immersed in a fluid of viscosity 1), B is given by
the stolces relation (Fridrikhsberg, 1984):
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B=6nnu (6)
Putting Eq. 6 mto 5 gives:
K. T
D==¢ 7
67T
ButR =2a
Do 2KeT KT )
6xmR' 3R
Putting Eq. 8 mto 3 gives:
K. T
K =8nR' ﬁ
o ©)
K — B KT
3.M
Putting Eq. 9 into 1 yields:
d€_ BET . (10)
dt 307

Applying the method of separable variable and
integrating Eq. 1 within the following limits:

Att=0,C=0C,
Att=t,C=C
yields:
Ok (11)
cC
c t
[ crac= [ Kat (12)
g o
LR (13)
Cc C,
Multiply both sides of Eq. 13 by C, to give:
1 14
st C Kt (14

Making C the subject yields:

C

=]

i
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CO
1 15
1
[exd
Let (1/C-K) = T (16)
~Eq. 15 becomes:
CO
€= (a7
1+—
T

when, t = T, then Eq. 17 becomes:

oo b 5 (18)
1+1 2

Thus at t =1, C= Cy/2. This quantity is called the
coagulation period, which 1s the time during which the
mnitial concentration of particles is halved.

Tt has also been shown that for Brownian coagulation
of monodispersed particles at early stage (t<30 min); the
time evolution of the cluster-size distribution for colloidal
particle 1s usually described:

dc,
t

1 (=]
1 :EZKUCICJ—CN;KMCI (19)

i+j=n

where,

C.s = The time-dependent number concentration of n-
fold clusters.

t = The time.

K; = The elements of the rate kernel which control the
rate of coagulation between an i - fold and j - fold
cluster.

By assuming a constant kernel. i.e.,

SK.T
K =K=-"2

il 3 M
Eq. 19 can be solved exactly, resulting in the expression
(Holthof et al., 1996):

C (K,.C,t/2)"

oty (20
C,  (1+K,C,t2)"
n—1
t
Y
Cn(t) _ [Kcu] 21
n+1

1+ Y

1
KCq

Recall from Eq. 16, 1 = (1/C. k). Put Eq. 16 in 21:

Carty _ [1:/2T]n_1

(22)
C, [t/
Let, 2t = T and put in Eq. 22:
n—1
C““>:: h/Tq (23

Co it/

Equation 23 gives general expression for particle of
any ith order. Hence,: for primary particles, (i=1):

q:co——l—7 24
(14t/+)

for twins (1= 2):

o ) es)

c,=C, .
(L4 t/2')

2

for triplets (i = 3):

¢, =0, (t/;f)‘l (26)
(1t/+")

The process of aggregation 13 a complicated
phenomenon. Analysis shows that Eq. 17 holds for the
overall concentration of all particles, which monotonically
decreases in time like the number of primary particles:

C
Yoo =— 27
1+ t/T
Lmearising Eq. 27 gives:
1 1 1
LI S (28)
d>c,oo¢c, T,

where,a plot of 1/2 C; versus t produces:
Slope =1/1C,

Intercept =1/C,
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Note that T can be obtained from slope of Eq. 28
while, the theoretical quantities T are found with aid of
Eq. 16 (Fridrikhsberg, 1984):

(29)

AsCo CJ2, T~ t%
" 8K, T(05C,)

3 0m
4K, TC,

(30)

where,
t¥ = is coagulation time/half life

In the work of Holthof ef al. (1996), it was shown that
the coagulation rate constant could be determined by
monitaring the changes in the turbidity of the coagulation
liquid with time. The particle concentration during early
stages of coagulation can be determmed directly, by
visual particle counting or indirectly, from turbidity
(spectrophotometric of light scattering) measurement
(Nicholls,1979).

Hence, 1t 1s usual to restrict measurement to the
early stages (say t<30 min) of coagulation (where the
early aggregation mechanism is most straight forward
(Ma et al., 2001, WST, 2005; Van-Zanten and Elimelechi,
1992, Holthof et al., 1996; Metcalf and Eddy, 2003).

Based on the work of Metcalf and Eddy (2003), the
relationship between turbidity and Total suspended solid
is:

TSS(mg L")y =(TSSy. T (31)
where,
T3S = Total suspended solid.
(TSS;) = Factor used to convert turbidity reading (NTU)
to TSS (mg 1.7

RESULTS AND DISCUSSION

Jar test results: The results obtained in the Unit of
Twbidity (NTU) were converted to concentrations
(mg L™ by multiplying by a factor of 2.35 (Nicholls,
1979). These results (concentration units only) are
presented in Fig. 1 and 2. The initial concentration, C, is
4250mg L7
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The general trend in Fig. 1 and 2 is that the turbidity
decreases with time. The highest degree of coagulation
was witnessed with the first 5 min. For the runs indicated
i Fig. 1 and 2, nearly or more than half of the coagulation
takes place within the first 5 min. This indicates that in the
real terms, the coagulation process monitored in this
research, has a half life in the region of 5 min.

The decrease of turbidity with time reflects the fact
that as the reaction proceeds, the amount of particle
available for the coagulation decreases. The sharp
decrease mn turbidity between 0 and 5 min 1s a product of
either floc sweep mechamsm of or combination of
entrapment-bridging mechanism (WST, 2005).

Figure 1 shows that the coagulation occurred for the
blend of 400 mg L™" Alum + 100 mg L' CSC. The least
coagulation cccurs for the blend of 500 mg L™ Alum +
100 mg 17" CSC. The result is expected if it is observed
from Fig. 1 that the least turbidity at 5 min time occurred
for 400 mg L™" Alum + 100 mg/ CSC. This is due to the
ability of Alum to imtiate particle sweep. The decrease at
blend of 500 mg I.™" + 100 mg 17" CSC may be attributed
to the ability of alum to re-twbidize effluent when at
excess.

It was also evident from Fig. 2 that best coagulation
occurred for the CSC dosage of 400 mg 17" The least
particle removal occurred at CSC dosage of 200 mg 1.7
The mformation from Fig. 2 indicates that the probability
of re-turbidization setting in 13 high at dosage bemng
greater than 400 mg 17",

In general note, the sharp reduction in TSS observed
in Fig. 1 and 2 1s in accordance with the theory of fast
coagulation proposed by Smoluchowski (1917). Ths
supports the real life application of coagulation in which
90% T3S removal 13 usually achieved within the first 5 min
(WST, 2005).

Coagulation reaction constants: The values obtained for
the reaction constants are shown in Table 1 and 2.
Table 1 presents the values of K, T, ¥, (-r) and « for the
blended CSC while Table 2 presents for the varying
unblended doses of CSC. It should be stated that the
values of K and o« are determined from equations
determined from linearized plots of Fig. 3 and 4. The slope
gives the value of ¢ wlhile the value of K 15 determined
from the intercepts.

The values of K in Table 1 and 2 show that the least
values of K 15 1.6618>10 " I’ g~° min while, the highest is
2.7824x10* L g min~". This shows that the blends with
very high values of ¢ maintain low values of K. As the
values of ¢ decreases, the value of K tends to increase.
The relationship observed between ¢ and K 1s expected.
Since K, 1s basically rate per concentration and K 1s
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Fig. 1: Particle conc (mg L") vs time for blended CSC
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Fig. 2: Particle conc (mg L") vs time (min) varying
unblended CSC dosages
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Fig. 3:Polt of In (-r) vs in C for varying unblended CSC
dosages

assoclated with energy barrier, (KT), it 13 understandable
that for higher @ to be obtained, a lower K 1s a necessary
condition for that (Fridrikhsberg, 1984).

The values of K and « obtained in this research, are
consistent with previous studies of Brownian coagulation
(Femandez-Kim, 2004; Smoluchowski, 1917). The ranges
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Fig. 4: Polt of In (-r) vs m C for blended C3C dosage

of ¢ are between 0.9 and 6. With the exception of 0.9 and
6, the result 1s consistent with the theory of Smoluchoski,
which 1s the foundation of Browinan control coagulation
(Fridrikhsberg, 1984; Metcalf and Eddy, 2003). However,
any discrepancy in the expected corresponding behaviour
between ¢ and K could be attributed to the retarding
effect of hydrodynamic mteraction (Fernandez-Kim, 2004)
which is not accounted for in Brownian coagulation.

Also presented in Table 1 and 2 are the values of T
and v The values of T’ has a significant effect on the
behaviour of the particle distribution of any coagulation
process. High value of v’ favours charge neutralization
dominated mechanism. This is shown in the curves of
Fig. 5 and 6. However, low value of ¥ favours colloidal
entrapment that leads to floc sweep as shown in Fig. 7
and 8.

Particle distribution behaviour: The particle distribution
of the coagulation process 1s presented here. The
distribution behaviour is presented in the graphical form
of concentration versus time. The particle distribution can
be denoted by C, where C stands for concentration
and subscripts 1 stands for 1, 2, or 3. For primary particles,
i=1, for secondary i = 2 and for triplets, i = 3. The singlets
are composed of monomers while doublets are composed
of double monomers. Finally, the triplets are composed of
3 monorers.

The particle distribution plots principally show the
pattern and distribution of aggregation of ions/particles
as they floc into visible blobs. The discussion is
presented in 2 cases as follows:

Case I: From Fig. 5 and 6 it is evident that the distribution
of particles expected m typical coagulation process is
shown here. The curves are for 400 mg L™ CSC only and
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Table 1: Coagulation Parameters for the blended C8C

Coagulant (s) K o Rate equation T (min) T (min)
30mgL ! FeCl; + 100 mg L™ CSC 5.617x10° L g min™! 22 r=35.6x10° C? 4.1889 83779
40mgL~' FeCl; + 100 mg L™ C8C 2.7824x10* L g min™! 2.0 r=2.7x104 C? 0.8456 1.6913
500 mg L7'Alum + 100 mg L™ C8C 6.6823>107 i min™! 1.0 r=6.6%10% C! 3.5x10° %103
400 mg L~*Alum + 100 mg L~! C8C 4.835%10° L gmin™! 1.0 -r=4.8x107° C? 4.8664 9.7329
Table 2: Coagulation Parameter for the varying unblended CSC
Coagulant (5) K o Rate equation T T
100 mg L™ CSC only 1.6618<10"° L g min~! 6.0 r=1.6x1019 C° 1.4x101 2.8x10%
200 mg L' CSC only 3.6189x102 L g\ min 0.9 r=3.6x102 % 6.5%10% 0.0130
300 mg L' CSC only 4.8352%10° L g min™! 2.0 -r=4.8x10° 2 4.86622 9.7325
4000 mg L CSC only 4.6312%10° L g min™ 2.0 =4.6%10° C? 5.0806 10.1612
500 mg L' CSC only 4.4858%10° L g min~! 2.0 -r =4.4x10° 2 5.2453 10.4906
7000 —C1 £000+ —=-Cl
-2
6000 e 7000- -3
—-ECi
o~ 5000 —Ea 6000
T —
E@ 4000° 7 5000-
g 3000 E4000-
(=]
2000 é 3000+
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v il 5 10 l?ﬁmu 20 25 30 35 o
(o) 5 10 15 20 25 30 35
Time {min)

Fig. 5: Particle distribution Polt for 400 mg L™ CSC cnly
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—4—C3
=4ECI

=
n
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Fig. 6: Particle distribution Polt for 400 mg L.~ Alum +
100 mg L™ CSC

400 mg L7 Alum + 100 mg L.™' CSC. These curves are
expected m coagulation where there 1s absence of
colloidal entrapment and high shear resistance. Mainly,
the dominant mechanism in the graph 1s charge
neutralization combmed with low bridging to ensure
moderate speed of coagulation as represented by both
graphs. The discrete nature of formation of C,, C, and C,
is also associated with low energy (Lentech, 2005).

Case II: From Fig. 7 and 8 showing the particle
distribution for 200 mg 17! C3C and 40 mg I.7" FeCl,+

Fig. 7: Particle distribution Polt for 200 mg L™ CSC only

8000 - -l
-2
T000 4 -3
—-ECi
6000
T, 5000~
g 4000
g 3000
2000
10904
0 5 10 15 20 25 30 35
Time (min})

Fig. & Particle distribution Pelt for 40 mg 1.~' FeCl, +
100 mg .= CSC

100 mg L' CSC, there is apparent sharp decrease in C,
between time 0 and 5 min. This type of distribution
indicates that the controlling mechanism in the
coagulation process is colloidal entrapment that leads to
floc sweep as represented by Fig. 7 and 8.

CONCLUSION

The reduction of TSS recorded within the first 5 min
of coagulation presents the potential of CSC as a chitin
derived coagulant that can be applied in large scale water
treatment.
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The experimental result with respect to K and «
highly agreed with the works of T (2005), Holthof (1996)
and Van Zanten and Elimelechi (1992).

Jar test in conjunction with nephelometric method
still provide routine and convenient means of conducting
flocculation and coagulation studies.

Nomenclature:

T3S :  Total Suspended Solid.

CSC :  Crab Shell Coagulant.

(-1) rate of depletion of TSS.

Co Initial Concentration of TSS 1s effluent.
NTU: Nephelometric Turbidity Unit.
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