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Dye usage for industrial applications has been on the increase and these activities generate large amounts of
dye-constituted wastewater that should be treated before environmental discharge or reuse. Various studies
have shown the application of natural organic polymer (NOP) coagulants in dye removal from industrial
wastewater. In this research, the coagulation performances of Vigna unguiculata (VU) and Telfairia occidentalis
(TO) for colour removal from crystal Ponceau 6R dye synthetic wastewater was studied. The proximate
compositions, structure, and surface morphologies of the coagulants were investigated using standard
methods, i.e. Fourier-Transform infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM). Colour
removal was evaluated through the time-dependent decrease in particle concentration and thus growth of
flocs. Effects of the process parameters, including pH, coagulant dosage, dye concentration (DC), settling
time, and temperature were preliminarily tested and the best range experimentally determined. The optimal
operating conditions established were pH 2, 800 mg:L™" coagulant dosage, 100 mg-L™" dye concentration, 300
min, and 303 K. The order of greatest removal was VUC > TOC with optimum efficiency of 93.5% and 90.7%,
respectively. The values of Kand a obtained for VUC and TOC were 8.09 x 10~* LL'mg~"-min~', 1.7 and 9.89 x 10
L'mg™"min~', 1.6, respectively. Coagulation time, T_, calculated and deduced from the particle distribution
plot, showed a rapid coagulation process. Coagulation-adsorption kinetics indicated agreement with the
pseudo-second-order model deducing that chemisorption is the rate-controlling step. It further indicates that
particle adsorption on the polymer surfaces occurred mostly as a mono-molecular layer and according to the
chemisorption mechanism. Cross-validation showed good prediction of the experimental data. The selected
coagulants have the potential for application as efficient coagulants while also showing significant adsorption
characteristics. The application of kinetics and modelling in separation processes involving particle transfer is
especially required in wastewater treatment.

INTRODUCTION

The textile industry is now one of the sectors posing a pollution threat to the world considering the
wastewater content and high volume of discharge into the environment. Presently, about 10,000
commercial dyes and pigments are being used and over 7.11 x 10” kg-yr? is produced worldwide
(Moghazy, 2019; Zonoozi et al., 2008). Dye usage in the world has been traced back to the origin of
man and its application, importance, and menace are globally known.

Dye-containing wastewater, when discharged to the aquatic environment, can be toxic to aquatic
life, slows down self-purification of streams by reducing light penetration, retards photosynthetic
activity, and inhibits the growth of aquatic biota (Moghaddam et al., 2010). In addition, they might be
mutagenic, carcinogenic and could cause severe damage to human organs when inhaled or consumed
(Miranda-Mandujano et al., 2018). At very low concentrations (less than 1 mg-L™), dyes in wastewater
could be considered undesirable and require removal before the wastewater is considered acceptable
for environmental discharge (Moghaddam et al., 2010). Thus dye-containing wastewater generated
from industrial processes has to be treated properly in accordance with discharge standards.

Coagulation-flocculation is classified as one of the most efficient methods widely used for colour
removal from wastewater because it is efficient, cost-effective, and simple to operate (Gao et
al., 2007). Coagulation is the process of destabilization of aqueous particles initially present in
a suspension by the addition of a coagulant (natural or synthetic), so that the charged particles
are neutralized to enable them to be attracted to each other to form settleable flocs. Aqueous
particles generally have a net negative charge, thereby repelling one another. In addition, aqueous
particles (1 nm - 1 um) generally do not settle at all or without assistance in a reasonable time.
Therefore, the surface charge of particles can be reduced or destabilized by adding a coagulant
carrying an opposite charge (Long et al., 2016; Obiora-Okafo and Onukwuli, 2015). Commonly
used coagulants are inorganic salts such as AI(SO,), or FeCl,, as well as synthetic organic polymers.
Although these chemicals are effective in removing dyes and other contaminants from wastewater,
several disadvantages have recently been discovered, such as their impact on human life, with
diseases such as Alzheimer’s disease being associated with certain inorganic salts, and neurotoxins
being associated with acrylic amid (Papic et al., 2004).

Due to the need for sustainable development, research on wastewater treatment has been re-focused
on the use of natural coagulants (either plant-based or animal-based) because of their abundant
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source, cost-effectiveness, eco-friendliness, multifunctionality,
biodegradability in water purification processes, low sludge
volume production, and because they do not alter the pH of
the treated wastewater (Obiora-Okafo and Onukwuli, 2016).
A good choice of natural polymer coagulant enhances the
aggregation of particles for formation of large flocs, which are
capable of rapid settling through particle adsorption, charge
neutralization, enmeshment in a precipitate, and inter-particle
bridging mechanisms. The existence of adsorptive capacity in
water is common when natural organic polymers (NOPs) of high
molecular weight are used as coagulants. Particles’ interaction by
adsorption occurs when there is some affinity between polymer
segments and particle surfaces. Adsorption interactions are
possible by electrostatic force, hydrogen bonding and ionic
bonding (Bolto and Gregory, 2007). NOPs may be anionic,
cationic or non-ionic in nature (Beltran-Heredia et al., 2011).

Cowpea (Vigna unguiculata) is a legume of West African origin
whose seeds are rich in protein and are widely consumed by poor
populations throughout the tropics. Cowpea seed is a source of
nutrition for humans as well as livestock. It is a good source
of dietary protein. Protein extracts from cowpea seed have a
molecular weight of 6-16 kDa and are cysteine-rich cationionic
polypeptides (Maridngela et al, 2003). Fluted pumpkin
(Telfairia occidentalis) is a perennial plant with great economic
importance in Nigeria. Its seed has high nutritive values, being
rich in essential nutrients and with a high protein content of
about 28.09%. High protein content in organic polymers such
as Vigna unguiculata and Telfairia occidentalis, is one of the
indicators of their potential usage as coagulants for water and
wastewater treatment (Kuku et al., 2014).

Any coagulation-flocculation study of contaminant removal
is incomplete without an adequate knowledge of process
kinetics. The study of kinetics is often neglected in mass
transfer processes. Coagulation kinetics is of primary interest in
investigating the hydrodynamic interactions involving particle-
particle transfer (John et al., 1992). Different methods have been
employed in monitoring the reduction in particle concentrations
and kinetics during coagulation experiments: bulk techniques,
and single particle techniques (Coulter counter, flow cytometer,
single particle light scattering). Bulk technique is a widely
used procedure for coagulation-flocculation kinetics because
it monitors particle concentration with time (Stechemesser and
Sonntag, 2005).

Coagulation rate dynamics addresses how rapidly or slowly
suspended particles will coagulate. Coagulation rate has
immense practicalimplicationsand playsanimportantroleinthe
mathematical modelling, design and control of water treatment
plants. Von Smoluchowski (1917) was the first to study the rate
of coagulation of particles due to Brownian motion with the
diffusion coeflicient of particles taken as constant. Mathematical
modelling describes the time-dependent behaviour of a process.
It is a set of equations (including necessary input observations to
solve the equations) that predict the behaviour of a process. It is
suitable for simulating the dynamic behaviour, studying control
strategies and in designing a coagulation-flocculation process.
Process modelling of coagulation-flocculation improves and
optimizes the design of equipment and develops better insight
into process operation. In the theoretical study of the coagulation-
flocculation process, the prediction of particle reduction in
response to a set of coagulation conditions is an area of interest.
Brownian collisions on a spherical target are analysed in more
detail because this captures the essential kinetics of many
mass transfer processes, including coagulation-flocculation of
colloidal particles, diffusion growth, and diffusion-controlled
chemical reactions (Stechemesser and Sonntag, 2005).
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Coagulation kinetics is a complex phenomenon that requires
adequate models to predict the mass transfer behaviour of
particles. The model of Jimoda et al. (2013) adequately predicts the
particle transfer rate during the coagulation-flocculation process.

This paper investigates the performance of active protein agents
from bio-coagulants in colour removal from synthetic dye
wastewater. Detailed physicochemical characterizations of the
precursors were conducted. The novel approach of extracting
active coagulant agent was adopted in the coagulation-
flocculation process. Coagulant and dye types were selected for
high-performance jar testing, based on their ionic composition.
Spectrophotometry was used to observe the dynamic behaviour
of particle concentrations at optimal conditions. The study also
explores the kinetics of particle transfer, and uses modelling
to predict the real-time particle transfer rate during the
coagulation-flocculation process.

MATERIALS AND METHODS
Coagulant preparation

Dried seeds of Vigna unguiculata and Telfaria occidentalis
were purchased from local market of Enugu city. Mature seeds
showing no signs of discolouration were used. The dry seeds of
the sample were ground to a fine powder (63-600 pum) using a
food processor (Model BL 1012, Khind), to achieve solubilisation
of active ingredients.

Extraction of active component

The active proteins from the coagulants were extracted by
adding 2 g of powdered sample to 100 mL distilled water to
make a suspension. The suspension was stirred vigorously at
120 rmin™ using a magnetic stirrer (Model 78HW-1, U-Clear
England) for 20 min at room temperature to accomplish
extraction and to enhance and activate the cationic agent present
in the precursors. A sieve cloth was used to filter the suspension,
to enable nano, micro, and macro-particles to be present in the
filtrate for enhanced coagulation-flocculation. The resultant
filtrate solution was used as coagulant at required dosages. Fresh
solutions were prepared daily and kept refrigerated to prevent
any ageing effects (such as change in pH, microbial activity,
viscosity, and coagulation activity). Before each experiment,
solutions were shaken vigorously and used immediately for each
sequence of the experiment.

Characterization of coagulants

Yield, bulk density, moisture content, ash content, protein
content, fat content, carbohydrate content, and fibre content of
the seed powders were determined by the standard methods of
analysis of the AOAC (1990). Fourier transform infra-red (FTIR)
spectrophotometer supplied by IR Affinity—1, Shimadzu Kyoto,
Japan, was used to study the chemical structure and functional
groups present in the samples. The spectra were measured in the
range of 4 000-400 cm™. Surface structures and morphologies
of the seed powders were studied using a scanning electron
microscope (SEM) supplied by Phenom Prox., world Eindhoven,
Netherlands.

Decolourization procedure

Dye preparation and spectrophotometric colour removal
procedure

Acid Red 44 (AR 44) (chemical name: Crystal Ponceau, a water-
soluble dye provided by May & Baker, England, with molecular
structure as shown in Fig. la, was used. Dye physicochemical
characteristics are summarized in Table 1. Dye with commercial
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Figure 1. (a) Structure of Crystal Ponceau 6R dye (AR 44), (b) spectrum peak report for AR 44

purity was used without further purification. The absorption
spectrum of the dye was obtained by dissolving 1 000 mg-L™
of AR 44 in distilled water. A sample of the solution was
scanned against the blank in the range of 200-850 nm using a
UV-Vis spectrophotometer (Shimadzu, Model UV-1800). The
maximum wavelength (A ) of 511 nm was obtained as shown
in Fig. 1b. A stock solution of 1 000 mg-L™ of dye was prepared
by dissolving AR 44 in separate doses of 1 L distilled water. The
desirable experimental concentrations of 10-100 mg-L™' were
prepared by diluting the stock solution with distilled water. The
wavelength of maximum absorbance (A ) and calibration curve
atA_were determined. The colour concentrations (mg-L™) were
determined through calibration analysis (Jeftrey et al., 2001).

Coagulation studies

A conventional jar test apparatus supplied by Phipps and Bird, VA,
USA, equipped with 6 beakers of 1 L capacity and 6 paddle stirrers
was used to perform the coagulation-flocculation experiment. The
jar test was conducted to evaluate the coagulation performance
of the active agent, extracted based on the method adopted
by Obiora-Okafo and Onukwuli (2016), and also to establish
the best operating conditions for the process. The procedure
involved 4 min of rapid mixing at 100 rmin™. The mixing speed
was reduced to 40 rmin™ for another 25 min. All suspensions
were left for settling for 30-480 min. Supernatant samples were
withdrawn (after settling) for absorbance analysis using UV-Vis
spectrophotometer (Shimadzu, model 1800) at set maximum
wavelength of 511 nm. The study was conducted by varying a
few experimental parameters, including pH, coagulant dosage,
dye concentration, and settling time. Colour concentration
(mg-L™") measurement was determined by comparing absorbance
to concentration on a calibration curve. The pH was adjusted to
the desired value using 0.1 M HCl and 0.1 M NaOH. The colour
removal efficiency was obtained according to Eq. 1 as:

c,-C

0

Colour removal(%)= )x100 )

where C, and C are the initial and final colour concentration
(mgL") in dye solutions before and after coagulation-
flocculation treatment, respectively.

Theoretical principles of coagulation-flocculation kinetics

The study of coagulation kinetics is very important in
understanding coagulation-flocculation of particles. It can be
used to investigate the colloidal and hydrodynamic interactions
involved in particle-particle transfer. When two particles of
comparable size collide with each other, the collision may lead to
doublet formation; the process involved is termed coagulation-
flocculation (Masliyah and Bhattachayer, 2006). In this study,
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Table 1. Physical properties of Crystal Ponceau 6R dye/Acid Red 44 (AR 44)

Property Data
Chemical name Crystal Ponceau
Chemical formula C,H,N, 0,5, Na,
Molecular weight (g-mol™) 502.43

CAS number 2766 -77-0

EC number E 126
UV/visible absorbance Max (water): 511 +6 nm
C.l. number 16250

Class AZ0
C.l.name Acid Red 44

coagulation kinetics of spherical particle interaction was studied
following a Brownian controlled diffusion mechanism (peri-
kinetic coagulation). The equations in Von Smoluchowski’s
model have formed the core of almost all later research in
coagulation-flocculation modelling (Von Smoluchowski, 1917;
Schick and Hubbard, 2005).

Coagulation of two particles to form a single new aggregate
might not be described fully as a second-order rate process
as recorded by some authors without obtaining the order of
reaction (Ani et al., 2012). In this study, the Von Smoluchowski
theory and equation for the kinetics of Brownian coagulation of
mono-disperse particles at early stage were used to determine the
coagulation rate constant and order of coagulation-flocculation
reaction using Polymath software. The equation describing the
kinetics of aggregation is given in Eq. 2:

-dC

dt

where C is the primary particle concentration at time , o is the
order of coagulation-flocculation reaction, K is the a™ order rate
constant or absolute coagulation rate constant. Putting Eq. (2) in
alinear form gives:

—kc* Q)

ln(_—dcjzlnk+alnC 3)
dt

Hence, a plot of In () against In C yields a straight line, from
which K (rate constant) and a (order of reaction), can be
determined from the intercept and slope, respectively.

The rate constant (first derived by Smoluchowski) has remarkable
features, in that for mono-disperse particles it is independent of
particle size and for the total formation. The rate constant can be
calculated from Brownian hydrodynamics (Jonas and Clive, 2005) as:

_8K,T
C 3u (4)

where k, is the Boltzmann’s constant (J/K), T is absolute
temperature (K) and p is viscosity of the medium.

k
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The equation describing the timed-based evolution of the cluster
of kind K is as follows:

dc, 1& =
” _E;ch, —ck;kci . ®)

dc,

where, =% is the rate of change of concentration of particle
size k, k, is the coagulation constant which depends on details
of the collision process between i-mers and j-mers = (k—i) mer.
This kernel embodies the dependence on i and j of the meeting
of i-mer and j-mer, including the mutual diffusion coefficient
(Di]) and collision radius of the sphere (sz)' By this means, the
coagulation constant, kij = k, assuming a constant kernel, is:

k, =87RD ©)

where K, is the Von Smoluchowski rate constant for rapid
coagulation, R is the particle radius and D is the Brownian
diffusion coefficient of the particles.

Von Smoluchowski rate constant for rapid coagulation is related
to Stokes-Einstein (SE) diffusion coefficient for translational
sphere diffusion (Philipse, 2011), with the following expression:
_4K,T

3 u (7)
Equations 4 and 7 relate the second-order rate constant and Von
Smoluchowski constant as:

k,

k =2k @)

Particle collisions lead to flocculation and hence a reduction
in the total number of particles and an increase in the particle
average size. The rate of floc growth was determined by the
frequency of these collisions. Based on the work of Von
Smoluchowski (1917), it is shown that the frequency f; of binary
collision between particles of type i and j is given as:

fy= ﬂ(vi’vj)cici )

where C and C, are the respective number of concentrations of
two particle types. f(v, v) is the collision frequency factor. The
rate of particles of size k forming per unit volume by collision of
particles of size i and j is given by:

1
) Zfl/ (10)

i+j=k
The factor in Eq. 10 is present because each collision is counted
twice in the summation. Equation 10 is due to the generation of the
k™ species. In turn, particle k collides with other particles leading to
particle volumes larger than v,. The disappearance term is given by:

o

P )

i=1

The total balance equation for k™ species is given by:

i=k-1

Zfl./.:iflk fork=1,2,3,.....0  (12)
i=1

i=Lsi+j=k

ac, 1
da 2
Using Eq. 9, the above equation becomes:

de 1 i=k—1 0
Sk CC.-C, Nel (13)
dt P 1:1;,-Z+;:kﬁl i~ k i:l ik i
where [SU =B, vj)

After inclusion of an efficiency factor, Eq. 9 is replaced by:

L =E.BCC.
f'/ uﬂ i (14)
where E, is the efficiency factor for collision between i and
J-particles or flocs, f, is the rate of collision between particles of
size i and j.
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Taking note of the collision efficiency, the collision frequency
function for Brownian motion (peri-kinetic aggregation) is
given as (Von Smoluchowski, 1917; Schick and Hubbard, 2005):

8K, T
B(v,=v,) Sk (15)
and
,B(vi = vj)%[;gzﬂzk (16)

K is a constant independent on particle size. Relating Egs. 4, 15
and 16 yields another relationship between collision frequency
factor and Von Smoluchowski rate constant:

B =2k (17)

Also B =2Fk, (18)
_B

and 3K (19)

The population balance, Eq. 13, when compared with Eq. 16
becomes:

i=k—1

dc, -
STREID I C R 20)

=i+ j=k

Thus, the total concentration of particles per unit volume in a
closed system at time, ¢, is:

C,.(1)=>¢C

i @n

Summing Eq. 20, overall particles K = 1, 2, 3, ..., e obtains:

dc,, _ gi Ff cC, -k, 22

dt k=1 i=Lii+j=k

The first term on the right-hand side of the above equation is

givenby (— ,,leading to:
dC,, -k
7’"’ =7C,zm (23)

The above Eq. 23 for Brownian coagulation is analogous to
second-order reaction kinetics. The condition is given by C, =
C, att = 0. Integrating Eq. 23 leads to:

— CO
Ctol (t) - 1+ KCO % (24)

Equation 24 shows the decay in the total number of particles
with time. Using Eq. 24 shows that:

t _
CO(T)K :
C (1)= — (25)
(1 + 7)K+l
T
where
2 3u

T = =
“ " KC, 4C,K,T (26)

The characteristic time, T ,is known as the coagulation-flocculation
time and is the time taken for the concentration to halve (Probstein,
2003). Flocculation in a later stage involves the formation of triplet,
quadruplet, quintuplet, etc., number of k-mers, which can be solved
by means of Eq. 25.
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Therefore:

for singlets C = L"t 27)
1+
T
t
()
for doublets C, = —tg (28)
(I+—)
T
t
C N2
. O(Ta
for triplets C, = tg (29)
1+ 7)4
ag
t
C P \3
O(Ta )
for quadruplets C, = —tg (30)
I+
T

The model governing equation

Inthisstudy,amodelequationwasinvestigatedand used todescribe
the time-dependent behaviour of particle transfer towards the
adsorbing particles during the coagulation-flocculation process
triggered by coagulation mechanisms (Jimoda et al., 2013). The
following assumptions were considered: model was governed
and derived from Fick’s law, that angular symmetry exists for
the particles, a homogeneous system exists, single-dimensional
particle transfer occurs, the process is isothermal, and external
resistance to particle transport is negligible.

The coefficient of diffusion, D, is an important transport property
of a colloidal particle and represents the role of Brownian motion
on particle movement. The diffusion coefficient is generally
associated with Fick’s law (Coulson and Richardson, 2008):

oC,
I=-D—/ 1
3 (31

where I is the particle diffusive flux, C, is its concentration and is
the concentration gradient of the number of particles. Diffusion
is associated with particle transport from a high concentration
region to a low concentration region due to Brownian motion.
Figure 2 demonstrates a spherical particle transfer considering a
microscopic system.

The basic differential equation for mass transfer in a particle is
obtained by taking a material balance (continuity equation) over
a spherical shell as derived in Eq. 32 below:

time rate of change of reference spherical particle =
mass influx into the reference spherical particle —
mass efflux from the references spherical particle ~ (32)

Equation 32 in mathematical terms becomes:

o(C)4nr’
ot

=i4mr’ —(i + 2i j47z’r2 (33)

»

. .
i4mr? i + - 4mr?
T

Figure 2. Spherical particle considered as a microscopic system
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Simplifying Eq. 33 gives:

2
r°0C, :—rzi (34)
ot 0

»

Combining Eq. 34 with Fick’s law of Eq. 31 obtains:

o6 _plof oG (35)
ot ¥’ 0, 0,

where C, is the concentration of the spherical particle i and r is

the radial coordinate of the sphere.

Equation 35 becomes a partial differential equation that describes the
rate of mass transfer of particles during the coagulation-flocculation
process studied in this research. Equation 35 is similar to that for
mass transfer to a sphere in a homogeneous fluid by Coulson and
Richardson (2008). Substituting Qrz for C, Eq. 35 becomes:

wc_o o
ot 0, 0,
Given the initial condition:
C (t=0,r)C, 37)
The boundary conditions are:
C(r=01)C, (38)
C(r=ar)C, (39)

Where C, is the concentration of spherical particles in the
system and is in equilibrium with the surface concentrations at
both boundaries, and C,is the initial particle concentration.

Proceeding to non-dimensional and normal dependent
variables and boundary conditions, and then using the following
dimensionless parameters:

Dimensionless position variable, 77 = R% (40)
. . . . . Dt
Dimensionless time variable, 6=—:- (41)
. . . C -C,
Dimensionless concentration, C = (42)
Co - Ce

Changes in the initial and boundary conditions due to
dimensionless function, gives:

C(z=0)=1 43)
C(7,0)=0 (44)
C(z,1)=0 (45)
Substituting dimensionless variables into Eq. 36 gives:
2
w_zc a6
or 0n

Equation 46 is a dimensionless equation predicting rate of
particle mass transfer at different operating process conditions.
A similar result was found by Jimoda et al. (2013).

Numerical solution technique (separation of variables)

The dimensionless partial differential Eq. 46 was solved using
the separation of variables technique, which entails seeking
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a solution in which the time variable (7) is separated from the
space variable (#) (Stroud and Dexter, 2003; Perry and Green,
2007). To solve this equation, we first assume that the solution is
the product of two functions, one of time and one of space:

C(z.n)=X(7)-T(n) (47)
where X is a function of 7 only, T is a function of # only.

Assuming we simplify the symbols to C = XT and denoting
derivatives with respect to their own independent variables by
primes, we have:

ac _ XT' and

on

2
C _ o
on

The dimensionless Eq. 46 can then be written as:
2

6 ? = XTN

ag

X'T =XT" (48)

Separating the variables, we obtained:

x_1 )
X T
Putting Eq. 49 back into derivative form, we have:
ax ?
1 (7)_ 1 ar (50)

X(r) dr  T(n)on’

Then let both sides of Eq. 50 be equal to a separation constant
(—=P?); solving it independently, gives:

Also,

Therefore:
dT
dn’

+T(n)P* =0 (52)

The partial differential Eq. 46 is reduced to ordinary differential
Eqs 51 and 52. The integrated form of Eq. 51gives:

X=Ce'" (53)
Also, the general solution for Eq. 52 is:

T(q):Acos(Pq)+Bsin(P77) (54)
Where A and B are constants to be determined.

Combining Eqs 53 and 54 gives:

C(z’,n)z{Acos(Pn)+Bsin(P77)}Ce’P2’ (55)
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Applying necessary boundary conditions of Eqs 44 and 45 as:
C =0 when 7 = 0 for all values of 7. But P = A, then:

C(r.n)= {Bsin(ln)} e (56)

C =0 when 7 =1 for all values of 7.

0=Be *sin An (57)

Since B # 0 or C(1, ) would be identically zero,, sin (1) = 0. Then,
the discrete values are assumed, Eigenvalue is A = nm, forn=1, 2,
3... and Eigen function is sin (nmn)

Substituting the Eigenvalue into Eq. 56 gives characteristic
function:

C(Tan) = {Bsin(nﬂ'n)}e*(rw)lr (58)

The solution equation in form of a series for an infinite number
from Eq. 58 with different values of # is obtained in the form:

C, (1,77) = i:anin(nm])(e'("”)Zr ) (59)

Finally, applying the remaining initial condition of Eq. 43 to Eq.
59 gives:

C,(0.7)= ZB” sin(nzr) (60)

Applying orthogonal properties and integrating the functions
across the domain to determine B, (Stroud and Dexter, 2003;
Brown and Churchill, 2001):

J.;ianin(nﬂn).sin(nﬁn)=.[:)Sin(n7r77) (61)

n=0

The sum of the left-hand side (LHS) of Eq. 61 results in many
terms; however, they are zero except when n = m. This leads to:

1 [

EB" = IOI. sm(nm]) (62)

Integrating the right-hand side of Eq. 62 and applying boundary
conditions gives

1 1-
FL )
Then
B - 2(1—-cosnr)
" nr (64)

Substituting all dimensionless variables into Eq. 64 gives:

C -C S 1—cosnm . r ()

L= 22 (sinnz—)| e 7% | (65)
¢ -C = nr R,

Thus, expressing Eq. 65as, C, in order to determine the concentration

of organic particles in the system at any process time t:

2 1—cosnr PN e s S
C=C+2(C,-C ———— (sinnt—)| e brrks
t e ( 0 e)zo nr ( RO)

B

(66)

Therefore, Eq. 66 is a mathematical model equation used in
predicting colour particle transfer in dye-containing wastewater
at any process time.

where C, = concentration of particles during process at time, ¢
C, = concentration of particles during process at time ¢ = 0
C, = concentration of particles at equilibrium time.

The resultant Eq. 66 from the numerical analysis was
implemented and verified in MATLAB 9.3 by developing codes
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to obtain different concentrations of the contaminants during
the coagulation-flocculation process at different operating
times. MATLAB is a powerful code-based mathematical
and engineering program (Carnell, 2003: Mahon, 2007). The
criterion used to check the accuracy of each model was the
mean relative percentage deviation modulus (%M)which
explains the mean divergence of the predicted data from
measured data (Greenspan, 1977). It is calculated by the
expression below:

100
M=) ———|x— (67)
n=1 Mexp N
where M, = experimental value and M, = predicted value

Values of %M less than 5 show an extremely good fit; %M value
between 5 and 10 represents a reasonably good fit, and %M
value greater than 10 shows poor fit (Mundada et al., 2010).
Furthermore, the relationship between the experimental data
and predicted data was subjected to statistical tools such as:
coefficient of determination (R?), Chi-square (x*) F-test, and
t-test using Microsoft Excel spreadsheet.

Polymer adsorption studies

Due to the polymeric nature of the coagulants, the adsorption
mechanism plays an important role in the colour removal process.
Determination of adsorption capacity, adsorption equilibrium,
and adsorption kinetics studies were needed to discover the
adsorptive nature of the polymers. The parameter extensively
used in adsorption studies is adsorption capacity (g). Our study
found that contaminant removal by coagulation-flocculation
occurs through various mechanisms. The first mechanism is
charge neutralization; there is destabilization of colloids which
might be governed by chemical interactions between molecules of
the coagulant (cationic, positively charged) and the contaminant
(anionic, negatively charged). Then, once the coagulant-
contaminant complex is formed, flocs begin to grow by adsorption
mechanisms. A previous study found the coagulation capacity (q)
to be a suitable evaluation parameter (Beltran-Heredia et al., 2011).
Polymer adsorption capacity (q) at any contaminant concentration
is determined according to the following equation:

q{ﬂg}JQ;EQK (68)
g M

where C_ is the initial contaminant concentration (mgL™) C,
is the contaminant concentration at time t in the bulk solution
(mg-L™"), Vis the volume of solution (L), and M is the coagulant
mass (mg-L™)

Polymer adsorption kinetics theory

To gain more insight into the rate of particle transfer, adsorption
kinetics was studied. Adsorption kinetics provides knowledge
of the controlling mechanism of adsorption processes which
in turn governs mass transfer and residence time (Zhang et al.,
2011). The kinetic data were analysed using pseudo-first-order,
pseudo-second-order and Elovich models.

Lagergren proposed the pseudo first-order kinetic equation
(Lagergren and Svenska., 1898) in the form of:

I<F1 (69)

—a)=1Io _
4,)=logq. 00

log(q,

where g, is the amount of adsorbate adsorbed at time ¢ (mg-g™'), g,
the adsorption capacity at equilibrium (mg-g™'), K, the pseudo-
first-order rate constant (min™), and ¢ is the time (min). The
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value of the adsorption rate constant, K, was determined from

the plot of log g, —g, against t.

FP

Pseudo-second-order equation (Ho and Mc Kay, 1999)
predicts the behaviour over the whole range of adsorption with
chemisorption being the rate-controlling step, represented by:

—= +—t (70)

Wherek,isthe pseudo second-order rate constant (g-mg"-min™).
The l1near plot of — versus t will give L asthe slope and % as
the intercept. The initial adsorption rate (h-mg"min™") at t = 0 is
defined as follows:

b=k (71)

g, is obtained from the slope of = versus t and k, from the
intercept, h is obtained from Eq. 71"

Elovich kinetic model equation, one of the most useful methods
describing chemisorption processes (Aharoni and Tompkins,
1970), is defined as:
1 1

q, —Eln(aﬁ)+zlnt (72)
Where a (mg-g"-min™) is the initial sorption rate and 8 (gmg™)
is related to the extent of surface coverage and activation energy
for chemisorption. The value of (- ) is 1nd1cat1ve of the available
number of sites for adsorption while 7ln(aﬂ) is the adsorption
quantity whenIn ¢ = 0. A

The suitability of the kinetic model to describe the adsorption
process was validated by the normalized standard deviation,
Aq (%) given by:

(90 —0)/ 0 | 73
d

Aq(%) =100
7

where d_ is the degrees of freedom of the fitting equation. The
number of degrees of freedom is as follows: N-n _, where N is the
number of data points and , is the number of parameters. Q,
(mg-g™) and g, (mg-g™) are the experimental and calculated
adsorption capacities, respectively.

RESULTS AND DISCUSSION
Characterization results
Proximate analysis

The proximate analyses of coagulant precursors were
summarized in Table 2. Moisture content values show the
water absorption ability of the coagulants. High crude
protein values of 25.14% and 55.09% for Vigna unguiculata
and Telfaria occidentalis, respectively, recorded in the
precursors, indicate the presence of protein (Mariangela et
al., 2003; Kuku et al., 2014). The presence of fibre proved
that the precursors are organic polymers with repeating
small molecules that could extend as tails and loops when
dispersed in water (Bolto and Gregory, 2007). These
characteristics led to a new discovery of an adsorption
mechanism as relevant in the coagulation-flocculation
process. The presence of crude protein, moisture contents,
carbohydrate, and fibre contents, justifies the choice of
plant seed powders as a potential coagulant in this study.

FTIR analysis of the coagulants

Figures 3 and 4 represent the FTIR peaks of the coagulants. The
ranges representing the FTIR peaks of the coagulants before and
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after the coagulation experiment are shown in Tables 3 and 4.
Figure 3 represents the FTIR peaks of Vigna unguiculata coagulant
(VUC). The figure shows an absorption peak of 3 656.92 cm™
which was attributed to the stretching vibration of ~OH groups
and vibration of water absorbed, or complexes in the coagulant
(Zouboulis etal.,2008). The free hydroxyl groups confirm presence
of carboxylic acids, alcohols, and phenols in the coagulant. These
bands also correspond to the —OH stretching vibrations of
cellulose, pectin, and lignin. The results from proximate analysis
shown in Table 2 agree with the ~OH signalling of the presence
of moisture (water), oil, and carbohydrate (glycerides). The
FTIR spectral studies revealed that the characteristic absorption
peak for amines was clear in 3 656.92 cm™ for aliphatic primary
amine (N-H stretch). The presence of N-H stretching signals
in the peaks also shows the presence of amino compounds
which confirms the protein contents present in the coagulant as
shown in Table 2. A major band present in the broad region of
2083.06-1 867.04 cm™ usually indicates presence of a C=0 group
(carbonyl compound). The FTIR values in Table 3 shows that
some peaks shifted or disappeared as seen in 3 286.60 cm™ and
2700.26 cm™, and new peaks were also detected. These changes
were observed in the functional groups -C=C-H, C=CH, C-H
stretching and -CH,—, and are an indication of the possible
involvement of those functional groups in the coagulation-
flocculation and surface adsorption of the particles onto polymer
surfaces. The diminished peaks showed that all the functional
groups are completely involved in the process. In addition,
there was a strong adsorption peak at 721.59 and 694.36 cm™ for
both, which is the characteristic frequency for C-H out-of-plane

Table 2. Proximate compositions of the coagulant precursors

Values
S/No. Parameters Vigna unguiculata Telfaria occidentalis
(Cowpea seed) (Fluted pumpkin seed)

1. Yield 1.5 38.40

2 Bulk density (g-mL™) 0.299 0.354

3. Moisture content (%) 9.0 12.58

4, Ash content (%) 3.48 1.52

5. Protein content (%) 25.14 55.09

6. Fat content (%) 0.53 1717

7. Fibre content (%) 6.78 0.87

8. Carbohydrate (%) 55.07 12.77

deformation groups. The C-H out-of plane bending is typically
the most informative regarding the location and spatial geometry
of the double bond (Coates, 2000).

Figure 4 represents the FTIR spectrum of Telfaria occidentalis
coagulant. The figure shows an absorption peak in the broad
range of 3 780.36-3 224.85 cm™, attributed to the stretching
vibration of ~OH groups and vibration of water absorbed, or
complexes in the coagulant (Zouboulis et al., 2008). The free
hydroxyl groups present in the spectrum confirms the presence
of the free hydroxyl groups of carboxylic acids, alcohols, and
phenols in the coagulant. This band also corresponds to the -
OH stretching vibrations of cellulose, pectin, and lignin. The
medium peaks in the range of 2 545.96-2 588.40 cm™ (2 545.96
cm™ before coagulation and 2 588.40 cm™ after coagulation),
were attributed to the bending vibration of ~-OH groups in the

Table 3. Peaks and assignment of FTIR analysis for Vigna unguiculata coagulant (VUC)

Peak (cm™)
vuc Before coagulation- After coagulation- Differences Assignment
flocculation flocculation
1 3656.96 3624.30 323 Bonded O-H groups, N-H stretching
2 3286.60 - - -C=C-H, C=CH, (C-H stretching)
3 2700.26 - - Two bands for --CH,- groups
4 2299.08 2250.14 48.94 C=C, C=N stretching
5 2083.06 2072.58 10.44 C=0 stretching
6 1867.04 1748.34 118.7 C=0 stretching
7 1496.72 1470.42 29.3 C-H bending
8 1280.70 1254.26 26.4 C-O stretching
9 879.52 - - C-H out of plane deformation
10 694.36 721.58 -27.22 C=C-H, C-H out of plane deformation
n - 590.34 - C-O-H twist broad
12 - 412.78 -

Figure 3. FTIR spectrum of Vigna unguiculata coagulant (VUC)
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Table 4. Peaks and assignment of FTIR analysis for Telfaria occidentalis coagulant (TOC)

Peak (cm™)
TOC Before coagulation- After coagulation- Differences Assignment
flocculation flocculation
1 3965.52 3822.80 -142.72 Bonded O-H groups, N-H stretching
2 3780.36 3668.50 111.86 Bonded O-H groups, N-H stretching
3 - 3082.16 - Two bands for --CH,- groups
4 2545.96 2588.40 -42.44 O-H stretching
5 2031.34 2094.64 —-63.30 C=0 stretching
6 1836.18 - - C=0 stretching
7 1681.88 1600.88 81 C=C stretching, C=N stretching
8 1234.41 1292.28 -57.87 N-O symmetric stretching, C-O stretching
9 709.79 675.08 34.71 C=C-H, C-H bends out of plane.
10 - 551.64 C-O-H twist broad
15
%T
10
5

231.%—
AN U—
1836.16—

Figure 4. FTIR spectrum of Telfaria occidentalis coagulant (TOC)

water molecule, namely, the H-O-H angle distortion frequency,
indicating that the coagulant before and after experiment may
contain structural and adsorbed water.

The IR spectral studies revealed that the characteristic
absorption peak for amines was evident in the range of
3 656.92-3 780.36 cm™ for heterocyclic amine (N-H stretch)
and 2 545.96-2588.40 cm™ for primary amine. Existence of
N-H stretching signals in the peaks also confirms that amino
compounds are present.

In conclusion, the FTIR spectrum of the two coagulants
showed similar peaks and interpretations. The spectral and
the proximate analysis results presented in Table 2 suggest the
existence of moisture, proteins and esters, which justified using
the coagulants for the study.

Scanning electron microscopy (SEM) analysis

SEM was used to study the surface morphologies of the coagulants
as shown in Figs 5a and 5b for VUC and TOC, respectively, at 600x
magnification. The images revealed pores of different shapes and
sizes. The pore sizes (micro-pores, macropores, and meso-pores)
are properties that are unique to organic polymers. Rough surfaces
as observed show that the coagulants are coarse fibrous substances
largely composed of cellulose and lignin, which confirms their
polymeric characteristics. Particles could be attached to these
polymer chains through adsorption, inter-particle bridging or
electrostatic contacts. The morphology also showed a compact-
net structure which is more favourable to particle coagulation-
flocculation due to adsorption and bridge formation among flocs,
as compared to a branched structure (Zheng and Park, 2009).
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Effect of settling time on colour removal efficiency

Growth of flocs involves both interactions of coagulant
hydroxide precipitate following hydrolysis reaction and
contact with particles. Coagulation-flocculation performance
is usually evaluated by thetime-dependent decrease in
particle concentration, and consequently coincides with the
growth of aggregates. The effect of coagulation-flocculation
performance is analysed at various settling times at optimal
experimental pH, dosages, dye concentration, (DC) and
temperature.

Figure 6 shows the kinetic effect of colour concentration and
its removal efficiency. The highest reduction in concentration
is observed at 800 mgVUC/L, resulting in a removal
efficiency of 93.5%. The sudden reduction observed within

Figure 5. SEM micrographs of: (a) VUC and (b) TOC
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30 min indicates a rapid coagulation process which reveals
the possible coagulation time (T ). This rapid decrease in
concentration observed between 0 and 30 min could be as a
result of either charge neutralization or a combination of
charge neutralization/sweep flocculation mechanism. The
slow decrease in colour concentration with time after 30 min
indicates that, as the reaction proceeds, the amount of particle
available for coagulation decreases. This is probably because of
complex coagulation-flocculation mechanisms that mayinvolve
a formation of a net-like structure, which does not require a
very long time. The process was fast at onset, resulting in over
80% removal within 120 min, and slowed down afterwards.
The longer flocculation time could be due to the presence of
an adsorption mechanism which requires a longer process
time to be completed. The reduction in concentration did not
vary significantly after 300 min showing that equilibrium was
reached. Aggregate destabilization could set in after this time
due to saturation of the active sites, which does not allow for
further particle adsorption, and so prolongs settling time.

Coagulation-flocculation kinetics

To obtain the order of the coagulation-flocculation reaction, analysis
was done at the 95% confidence level. Coagulation parameters
obtained from the linear regression analysis are presented in Table
5. Coagulation rate, K and order of reaction, a, were obtained from
the intercept and slope, respectively, of the equation describing
the kinetics of aggregation (Eq. 3). The values of « obtained from
the plot for VUC and TOC are 1.7 and 1.6, respectively. The result
shows that the order of reaction did not shift significantly from
the conventional theory (Menkiti et al., 2009), confirming the
reasons the linear regression method was adopted. The order of
reaction confirms the best reaction order for the process, showing
an approximately second-order reaction, which affects K inversely.
The distribution coefficient (R?) values show high agreement and
significance of the fit of the kinetic data studied. The value of T,
is inversely related to the contaminant initial concentration. This
implies that the greater the contaminant concentration, the lower
the coagulation-flocculation time required for removal. The value
of the collision efficiency (E) obtained confirms the attainability
assumption that the collision between particles and coagulants
throughout the dispersion is 100% efficient before aggregation
occurs. There is a probability that all particles will stick together
after collision and there is an even particle or coagulation complex
distribution during the process (Probstein, 2003).

100 100
S ’7 Q
80 ' — F80 =
- / —— 800 mgVUC/L 3
én —8— 800 mgTOC/L e
g 60 , H60 E
= =@ Removal efficiency: VUC bt
E === Removal efficiency: TOC §
3 40 —4—ERROR BARS mg/L L 40 s
\ —=—ERROR BARS %
20 ‘\ ~ 20
§§ T SR —
0% . T . . T T T F0
0 60 120 180 240 300 360 40 480
Settling time (min)

Figure 6. Effect of settling time on colour removal (mg-L-1) and colour
removal (%) using polymer coagulants. pH = 2, dye concentration =
100 mg-L-1, temperature = 303 K.
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Table 5. Brownian coagulation kinetics and regression parameters

E:f:n‘:z:;‘:: 800mgVUC/L 800 mg TOC/L
K(Lmg~"min™") 8.09x 10 9.89x 107

a 1.7 1.6

R? 0.982 0.969

Rate equation (-r) 8.09x 104 9.89x 10
Taq (min) 24.71 20.22

K, (Lmin™) 4.05x 10 495x10*

B (L'mg'min™) 0.0008094 0.000989
E(mg™) 1.00 1.00

Particle distribution behaviour as a function of time

The variations in Cc,C,C,C, and C, with time for initially
mono-dispersed particles are shown in Fig. 7. Colour
concentration, C, and concentration of the species, C, both
decrease monotonically with increasing time. From the plots,
the concentrations of C, (t), C, (t) and C, (t) pass through a
maximum. This is because they are not present at t = 0 and
C, = 0 (Von Smoluchowski, 1917). The number of singlets
can be seen to decrease more rapidly than the total number
of particles, because of the increasing rate of single particle
flocculation as time increases. Thus, the total number of
particles decreases according to a bi-molecular reaction.
From the plots, we also observe that the lower the value of K,
the higher the coagulation time T, with respect to C. At low
values of K, the rate is very slow, giving rise to a greater time
for the coagulation-flocculation process. The rapid coagulation
time agrees with the computed time obtained.

't [al

C/C,

0 60 120 180 240 300 360 420 480
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Figure 7. Time dependence of the scaled number of total particles,
singlet, doublets, triplets, and quadruplets for colour removal using:
(@ VUC: C,;=100mg-L", t =480 min, K=28.09 x 10* mg:-L"-min""; (b)

TOC: ;=100 mg-L7", t =480 min, K=9.89 x 10*mg-L"min"".
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Coagulation-adsorption kinetics

Kinetic models are adopted to study the kinetic make-up of
particle transfer, as shown in Fig. 8. The kinetic parameters
obtained are summarized in Table 6. The correlation coefficients
for the models were relatively low except for the pseudo-second-
order model. The experimental data show good agreement with
the pseudo-second-order kinetic model data, with the lowest
normalized standard deviation, Aq (%) values of 1.12% and 3.15%
for VUC and TOC, respectively. The fitting of the pseudo-second-
order kinetic model with a high coefficient of determination of
R* > 0.999 further confirms coagulation-flocculation process
as a second-order process. Slight agreement with the Elovich
model gives further insight to the adsorption-chemisorption
process, implying specific adsorption without site competition
which is also common for organic ions, and thus leading to
the importance of the Langmuir model in the coagulation/

420 480

In (qc = qt)

¢ 800 mgVUC/L
B 800 mgTOC/L
Linear (800 mgVUC/L)
Linear (800 mgTOC/L)

50 1

40 -

30 A

t/q,

20 A

0 60 120 180 240 300 360 420 480

t (min)

¢ 800 mgVUC/L
6 1 B 800 mgTOC/L
Linear (800 mgVUC/L)
Linear (800 mgTOC/L)

Figure 8. (a) Pseudo-first-order model for different coagulants and
dosages; (b) Pseudo-second-order model for different coagulants and
dosages; and (c) Elovich model at different coagulant and dosages

Table 6. Kinetic parameters for colour removal

adsorption process. This suggests that the overall rate of the
adsorption process was controlled more by chemisorption which
involved valence forces through electron sharing between the
polymer and contaminant.

Prediction of spherical particle transfer rate

Verification of particle transfer rate was based on the colour
concentration measurement from concentration-time graphs
as indicated in Fig. 9. The experimental and predicted particle
transferratesduringthe processfordifferentcoagulantsareshown
in the plots. The predicted results showed that concentration
reduction and, consequently, the rate of mass transfer was rapid
at the beginning of the process. A close relationship between
the experimental and predicted concentration reductions was
observed.

The comparative statistical analysis between experimental
and predicted data was done using mean relative deviation
modulus (M%), correlation coefficient (R?), Chi-square (x?),
F-test, and t-test, as shown in Table 7. The value of M% is less
than 10% which indicates a good prediction of experimental
data. The R? results gave high values ranging from 0.816-1.000.
The correlation coefficients are all near unity indicating strong
positive correlation. The F-test and ¢-test values were found to be
significant at the 5% level. The trend found of predicted particle
reduction during the coagulation-flocculation process is also
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Figure 9. Particle transfer rate during coagulation-flocculation
process using (a) VUC, and (b) TOC

Table 7. Cross-validation test obtained from the modelling

Coagulants M% R? X2 F-test t-test
vuc 5.25 0.873 36.965 0.742 0.0579
TOC 0.487 0.984 0.642 0.859 0.450

Coagulant Pseudo-first-order kinetics Pseudo-second-order kinetics Elovich kinetics

dosages q, exp q, cal IfH R Aq q,, cal K, . R h (m.g.g—n Ag a b R

(mg) (mg-g”) (mg-g”) (min”) (%) (mg-g™)  (g-mg~min~) min™) (%)

800 mgVUCL™ 11.68 4.78 0.009 0963 20.881 12.05 0.0887 0.999 12.88 112 2214.88 1183 0.965

800 mgTOCL™ 11.34 24.78 0.023  0.823 41.903 12.35 0.0303 0.999 4.62 3.15 1.843 0518 0971
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similar to that reported by Jimoda et al. (2013) for modelling of
mass transfer rate during bio coagulation-flocculation of coal-
rich wastewater, as well as Bina et al. (2009) for the effectiveness
of Moringa oleifera coagulant protein as natural coagulant aid in
the removal of turbidity and bacteria from turbid water.

CONCLUSION

The present study showed the effectiveness of the two bio-
coagulants in clarifying AR 44 dye wastewater. The efficacy of
the coagulants was due to their coagulation and adsorption
characteristics. Proximate analysis showed that VUC and TOC
have the features of being potential coagulants. FTIR analysis
indicated that some chemical bonds such as -OH, N-H, C=H
were present in the coagulant precursor. SEM image revealed
rough surfaces, different pores sizes, and compact-net structure.
The characterization result showed the coagulants ability: to
destabilize contaminant particles, to enhance floc formation
due to their polymer characteristics; and to adsorb particles
on its surfaces due to their different pores and rough surfaces.
Operational parameters studied (pH, coagulant dosage,
dye concentration, settling time, and temperature) strongly
influenced the colour removal process. The coagulation-
flocculation study showed a time-dependent process and was
incomplete without an adequate knowledge of the kinetics.
The values of K and a were in agreement with the conventional
theory of coagulation being a second-order process. Coagulation
kinetics results showed a high agreement with pseudo-second-
order kinetics with a positive R?. The adsorption process
occurred more as a second-order rate process, showing that the
rate depends on the square of the particle concentration. Thus,
at high particle concentrations, flocculation rate was very high.
These results further confirmed that the overall coagulation and
adsorption processes were second-order and also controlled
by the chemisorption mechanism. Modelling showed a close
agreement between the experimental and predicted particle
reduction rate. It demonstrated a satisfactory prediction with
M% values of less than 10%. High values of R? were obtained,
at 0.873 and 0.984 for VUC and TOC, respectively. The model
studied could be used to monitor and predict the colour particle
transfer rate as implied by the operating conditions, without
using an experimental approach. It could also be adopted to
extrapolate space and time not specified by the experimental
result. This research has demonstrated the need for application
of kinetics studies in wastewater treatment and other mass-
transfer processes.
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