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Abstract Tympanotonos fuscatus shell (T. fuscatus shell),

an abundant eco-friendlywastewas used as a precursor for the

production ofTympanotonos fuscatus coagulant (TFC) for the

purification of paint effluent (PE). Tympanotonos fuscatus

shells (TFS) are of crustacean origin consisting mainly of

chitin, calcium carbonate, entrained protein and other organic

matrixes. Influence of pH, dosage and settling time on treat-

ment efficiency was studied. Scanning electron microscopic,

Fourier transform infra red, X-ray diffraction and differential

scanning calorimetric/thermogravimetric analyses were car-

ried out to investigate, respectively, the surface morphology,

functional group, crystalline/lattice structure and thermal

stability of TFS, TFC and settled sludge after treatment. The

PEwas optimally treated at 2 g/LTFCdosage, pH5 and 97 %

efficiency. Results indicated that TFC could be an efficient

treatment agent for PE at the conditions of the experiment.

Keywords Coagulation/flocculation � Paints effluent �
Tympanotonos fuscatus � Sludge

Abbreviations

KB Boltzmann’s constant

Km Menkonu coag-flocculation rate constant

KR Von Smoluchowski coag-flocculation constant

bBR Collision factor for Brownian transport

ep Collision efficiency

s1=2 Coagulation period/half life

E Coag-flocculation efficiency

R2 Coefficient of determination

á Coag-flocculation reaction order

-r Coag-flocculation reaction rate

T Absolute temperature

TFC Tympanotonos fuscatus coagulant

TFS Tympanotonos fuscatus shell

TSS Total suspended solid

TDS Total dissolved solid

TS Total solid

SSAT Settled sludge after treatment

SD Standard deviation

PE Paint effluent

RMSE Root mean square error

SSE Sum of square error

RE Relative error

N0 Concentration of turbidity at time t = 0

Nt Concentration of turbidity at time

Introduction

Paint production is one of the small- and medium-scale

enterprises (SME) in Nigeria. Along the production line,

hazardous and turbid paint effluent (PE) is generated. The

paint effluent generated in the course of production would

be toxic and bears suspended particles, odor and color [1].
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Hence, the need to treat paint effluent to meet Nigeria

National Environment (standards for discharge of effluent

into water or on land) Regulations standard before dis-

charging to the environment becomes imperative.

Several treatment methods are applied in wastewater

treatment, such as adsorption, oxidation process, lime

addition, neutralization, membrane filtration, ion exchange,

reverse osmosis and coag-flocculation [2].

Among these methods, coag-flocculation using eco-

friendly biomaterials present a more viable treatment

alternative for initial purification of paint effluent. The

advantages of coag-flocculation over other methods

include: (1) its simplicity and less energy demand, (2) low

cost and (3) reliably robust and efficient [3, 4].

Coagulation is a process of destabilizing particles by a

coagulant to promote aggregation by Brownian motion due

to action of shear forces [5]. Factors such as pH, quality of

raw effluent, nature of effluent and temperature influence

coag-flocculation [6].

Fundamentally, chemical coagulants such as ferric

chloride, ferric sulfate, ferrous sulfate, alum, polyalu-

minum and lime have been widely used to coagulate

industrial effluents [2]. However, these traditional coagu-

lants have several disadvantages, which include: large

volume of sludge [7]; dissolution of metals/constituents

into after treatment sludge, under performance and corro-

siveness at lower pH and pKa (dissociation constant of a

solution) [8]. In addition, Miller et al. [9] and Crapper et al.

[10], reported that these alum-based chemical coagulants

can cause pre-senile dementia in human.

These disadvantages underscore the need for alternative,

cost-effective and environmentally friendly substitutes to

mineral coagulants, in view of global demand for the

consideration of eco-friendly biomaterials. Eco-friendly

bio-coagulants are essentially presumed safe for environ-

mental and human health. Being extracts from plants and

animals, they are biodegradable and unlikely to produce

treated water with extreme pH [11]. In the age of ozone

layer depletion, climate change and widespread environ-

mental degradation, application of these eco-friendly bio-

materials in purification of paint effluent is desirable in

other to sustain safe global environmental initiatives.

Biomaterials such as Nirmali seed [12]; okra [13]; mucuna

seed [14]; red bean, sugar and red maize [15]; and Tym-

panotonos fuscatus shell (TFS) have been identified as

coagulants, with the later being the focus of this report.

TFS (images shown in Fig. 1) [16] is composed of natural

chitin, which is amajor component of the shells of crustacean

[17, 18]. Other components of TFS are calcium carbonate,

entrained protein and color pigment. In addition, TFS can

also be used for construction and as a source of animal feed

[19]. On deacetylation of TFS, it converts to chitosan that

constitutes the active coagulation ingredient [11]. TFS are

huge solid waste in Nigeria and constitute environmental

pollutant in producing zones. The utilization of the shells

would put this waste to useful ends while also promoting a

cleaner environment. The waste shells are obtained after

separating the edible flesh from the shells. In this study, the

non-food competingTFS had been used as a precursor for the

production of TFC, which has been previously subjected to

novel trials for the purification of coal washery effluent [20].

Progress made in the previous application necessitated its

trial on the purification of PE, which currently constitutes

hazard to the environment. Specifically, there is no existing

study on the basic characteristics of after treatment sludge

generated from biocoagulation of PE using natural extracts.

Previous sludge study had generally been on sludge gener-

ated from the use of mineral coagulants [21], which could

hardly be put to further use due to harmful nature of the

mineral coagulants contained in the sludge. To advance the

use of SSAT (of bio-extracts), this exploratory study

endeavored to give insight into its basic characteristics, its

likely further useful potential application and disposal

options available to ensure green environment. This current

study would close the gaps on previous and current studies

that had investigated effluent treatment process without

inclusion of basic study on after treatment sludge.

In this work, therefore, the major objectives include

focus on the potential application of TFC on treatment of

PE to reduce its turbidity, in addition to the evaluation of

the effects of process variables. The coagulation kinetics

was also studied as well as chemical and instrumental

Fig. 1 Images of TFS
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characterization of TFS, TFC and settled sludge after

treatment (SSAT). Statistical analyses of the experimental

results were also conducted.

Materials and methods

Material collection

Paint effluent (PE)

The paint effluent for the studies was obtained from a

factory at Onitsha, Anambra State, Nigeria. The effluent

was stored in a black plastic container to prevent changes

in the characteristics of the effluent.

TFS and TFC

TFS used were sourced from Onitsha, Nigeria. It was

thoroughly washed, dried, ground and sieved with 0.5 mm

standard sieve to obtain an amount stored in desiccators

and further processed to TFC.

In processing TFS to TFC, deproteinization of ground

TFS sample was firstly done by agitating continuously

0.5 L of 1 M NaOH solution containing 50 g powdered

TFS for 2 h at 70 �C. On cooling, the mixture was sepa-

rated and resulting solid sample was washed using distilled

water for 30 min and subsequently dried (at 70 �C for 2 h)

using oven. The deproteinized powdered TFS was dem-

ineralized for 30 min in a constantly stirred 0.25 L–1 M

HCl solution, and the resulting TFS-HCl mixture separated

by filter paper. The resulting solid residue was washed

thoroughly using distilled water for 30 min and followed

by oven drying at 70 �C for 2 h. The ground TFS obtained

after demineralization was deacetylated using autoclave (at

15 psi) for 30 min at 122 �C using 50 % concentrated

NaOH solution, applied at 1:10 (w/v) solid to solution

ratio. The sample produced after autoclaving was washed

to pH 7 using running distilled water and subsequently

oven dried for 2 h at 70 �C. This processed end product of

ground TFS was termed TFC.

Material characterization

Analysis of physical properties of PE

The wastewater characterization was based on American

Public Health Association (APHA) procedures [22].

Analysis of physiochemical properties of TFC

Percentage yield/weight loss 90 g of TFS was weighed

and processed to TFC of weight A. Thus,

Percentage yield ¼ A

90
� 100 ð1Þ

Percentageweight loss ¼ 90� A

90
� 100: ð2Þ

Bulk density W weight of TFS was used to fill up a

container of 1000 mL. Thus,

Bulk density ¼ W

V
ð3Þ

where W is weight of the TFS and V is volume of the

container.

Percentage ash content 4 g of the dried TFS was burnt in

a muffle furnace at 600 �C to yield gray-white residue.

Thus,

Ash content ð%Þ ¼ Wash

Wsample

� 100 ð4Þ

where Wash is weight of ash and Wsample is weight of TFS

sample.

Percentage oil content 20 g of powdered TFS was

wrapped in a filter paper and placed in a Soxhlet extractor

attached to a round bottom flask containing 150 mL of

hexane. Heat was applied to the set up and extraction is

considered complete when the extracting solution becomes

clear. The extract (oil) was left for 7 days to evaporate

entrained solvent. Thus,

%Oil yield ¼ Woil

Wsample

� 100 ð5Þ

where Woil is the weight of oil and Wsample is the weight of

sample.

Percentage moisture content 2 g of TFS was heated in

oven at 160 �C for 6 h and measured to a constant weight.

Thus,

% Moisture content ¼ Wsample � Wdry

Wsample

� 100 ð6Þ

where Wsample is the weight of precursor before drying,

Wdry is weight of precursor after drying.

Percentage protein content 2 g of TFS flour was put into

a Kjeldahl digestion flask containing 8 g of catalyst (96 %

anhydrous Na2SO4, 3.5 % CuSO4�5H2O, 0.5 % Selenium

dioxide). 10.1 mL of conc. H2SO4 was added to the flask

and shaken occasionally for 2 h. 50 mL of boric acid

solution (2 %) and screened methyl red indicator were

added to the flask after cooling. The apparatus was con-

nected with the delivery tube deepened below the boric

acid solution. 50 % NaOH solution was added to alkalize

Int J Energy Environ Eng (2016) 7:69–83 71

123



the digest. 50 mL each of the distillate and a blank were

titrated under same conditions using 0.1 M H2SO4. Thus,

% Nitrogen ¼ volume of 0:1 MH2SO4 ð7Þ
Protein content ¼ % nitrogen� 6:25 ð8Þ

Instrumental characterization of TFS, TF and SSAT The

surface morphology, functional groups and lattice/crystalline

structure of the samples were determined using model Zeiss

Evo�MA 15 EDX/WDS microscope, Model 470/670/870

Thermo Nicolet Nexus unit and PHILIPS X PERT X-RAY

unit, respectively. Thermal characteristics of samples were

analyzed using models TGA-Q50 and DSC-Q200 units.

Coag-flocculation factors impact

Influence of TFC dosage variation

1. Native pH and initial particle load on the paint effluent

(PE) were measured at ambient temperature.

2. Samples of 1000 mL of PE in ten different 1000-mL

beakers were fed with 0.5–5 g/L Tympanotonos fus-

catus coagulant (TFC).

3. The PE/TFC in the 1000-mL beakers were firstly

subjected to rapid mixing (110 rpm for 2 min) and

followed by slow mixing (35 rpm for 20 min). At the

expiration of slow mixing, the PE/TFC supernatants

were brought down and allowed to stand for 30 min.

4. At 30 min, 15 mL of the supernatant was taken at 2 cm

depth from each of the beakers and drained into cuvettes.

5. The residual turbidity of supernatants was determined.

Particle concentration was calculated as a product of

turbidity (NTU) and Tf. Tf is a conversion factor that

converts turbidity to particle concentration. Tf has a

value of 2.35 [23].

Influence of PE pH variation

1. Samples of optimum dosage from ‘‘Influence of TFC

dosage variation’’ were charged into 8 beakers con-

taining 1000 mL of PE each. Native pH 8 of PE was

adjusted from 2 to 9 using 0.1 M H2SO4 and 0.1 M

NaOH prior to dosing.

2. Steps (3)–(5) of ‘‘Influence of TFC dosage variation’’

were repeated.

Influence of time on removal efficiency

1. Sample of optimum dosage was fed into 1000 mL PE.

2. Step (3) of ‘‘Influence of TFC dosage variation’’ was

repeated. While settling, residual turbidity values were

recorded at 3–30 min based on ‘‘Influence of TFC

dosage variation’’.

Coagulation kinetics theory

For the cases of monodisperse, no break up and biparticle

collisions [24–26]:

dnk

dt
¼ 1

2

X

iþj¼k

bBRði; jÞninj �
X1

i¼1

bBRði; kÞnink ð9Þ

where dnk
dt

is the coag-flocculation rate. bBR (i, j) represents

coag-flocculation transport mechanism. ni and nj are con-

centrations for particles of size i and j, respectively. bBR
[27] is defined by Eq. 10:

bBR ¼ 8

3
eP

KBT

g
ð10Þ

where KB is Boltzmann’s constant (J/K), T is absolute

temperature (K), ep is the collision efficiency, g is the

viscosity of the fluid.

For rapid coagulation

KR ¼ 8paD0 ð11Þ

where KR is the Von Smoluchowski rate constant for rapid

coagulation [28], a is particle radius and D0 is diffusion

coefficient.

Equation 11 is simplified to

KR ¼ 4

3

KBT

g
ð12Þ

Equations 10–12 can be transformed to Eq. 13 [14]:

Km ¼ 1

2
bBR ð13Þ

where Km is Menkonu coagulation–flocculation rate con-

stant. For Brownian aggregation, rate could also be [26, 29]:

� dNt

dt
¼ KmNa

t ð14Þ

Nt is the total particle concentration at time t. Also, for

rapid coag-flocculation 1 B a B 2 [30].

Thus,

for a ¼ 1 : In
1

N

� �
¼ Kmt � In N0 ð15Þ

for a ¼ 2 :
1

N
¼ Kmt þ 1

N0

ð16Þ

where N0 is the initial Nt at time = 0. N is Nt at upper time

limit[0. Plot of 1
N
vs t produces a slope of Km and intercept

of 1
N0
.

For coagulation period s1=2 Eq. 16 yields Eq 17:
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s1=2 ¼ 1=ð0:5N0KmÞ: ð17Þ

Equation 18 gives coagulation–flocculation efficiency

E ð%Þ ¼ N0 � Nt

N0

� �
100: ð18Þ

Statistical analyses

Standard deviation and the statistical error analyses were

calculated using Eqs. 19–20 and 21–23, respectively;

where Av, SD, RMSE, SSE and RE are the average mean,

standard deviation, root mean square error, sum of square

error and relative error, respectively.

Av ¼
X qiexp

Ni

� �
ð19Þ

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Ni

X
ðqiexp � AvÞ2

r
ð20Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

qiexp � qical

qiexp

� �2
 !vuut ð21Þ

SSE ¼
X

qiexp � qical

� �
ð22Þ

RE ¼ 100

N

XN

i¼1

qiexp � qical

qiexp

� �
ð23Þ

where qiexp and qical are the obtained experimental and

predicted data.

Results and discussion

Characterization results

Physiochemical characteristics

Table 1 shows the values for total suspended solids (TSS),

total dissolved solids (TDS) and total solid (TS) that are

significant for the application of coagulation.

Table 2 shows that the yield value (80 %) and protein

content (17 %) are quite significant. Hence, TFS can be

considered a suitable precursor.

SEM and elemental analyses of TFS, TFC and SSAT

Pairs of SEM images of TFS, TFC and SSAT are shown as

Figs. 2a, b, 3a, b and 4a, b, respectively. Figure 2a shows

image of a single, magnified, irregular-shaped particle

surrounded with dark field void. Similar heavily compact

particles distribution is observed in Fig. 2b. Figure 2b

shows the structure of smooth and sparsely dispersed stick-

like particles surrounded by completely cemented pores.

Figure 3a, b shows images of sponge-like structure with

voided pores scattered evenly on the surface of the struc-

ture. The morphology is white field unlike the TFS. The

presence of the voided pores in TFC allowed for the

trapping of particles within the pores surfaces. Figure 4

shows the images of SSAT with filled pores due to the

deposition of particles. The filling of the pores noted could

be linked to results displayed in Table 3.

Table 3 indicates that Ti, Fe, Cu, Cl, Al were absent in

Tympanotonos fuscatus shell (TFS) but maintained pres-

ence in TFC and settled sludge after treatment (SSAT).

More quantities of Na, Mg, Al, Si, Cl and Ca were con-

tained in TFC when compared to TFS. The decrease in K,

Al and Cl could be linked to the use of the elements for the

formation of salts that filled significant voids in TFC as

shown in SSAT images. It could be taught that chlorine

present in the paint effluent (PE) took active part in the

formation of the salt [31, 32] and subsequent depletion of

Na, K and Al.

FTIR spectra analysis of TFS, TFC and SSAT

Figure 5 shows that spectra of TFS, TFC and SSAT exhibit

30, 19 and 22 discernible peaks at frequency of

600–4000 cm-1 with a threshold of 0.44, 1.17 and 0.88,

respectively [33]. In Fig. 3a, 3335 cm-1 (N–H stretching)

depicts the presence of secondary amine, supporting the

presence of protein in TFS. 2919 cm-1 denotes C–H

stretching while 1652, 1646 and 1635 cm-1 denote C=C

stretching and NH2. Peaks at 1463, 1455 and 1447 cm-1

indicate the presence of N=N stretching. 1034–1082 cm-1

Table 1 Characterization of paint effluent (PE)

Parameter Value NESRA

TSS 2679 mg/L 100 mg/L

PH 8 5–8

TDS 1600 mg/L 1200 mg/L

TS 4279 mg/L 1300 mg/L

National Environment (standards for discharge of effluent into water

or on land) Regulations, (NESRA) S.I. No 5/1999

Table 2 Tympanotonos fusca-

tus shell proximate analysis
Parameter Value

Yield (%) 80

Weight loss (%) 20

Bulk density (g/mL) 0.12

Ash content (%) 4.98

Oil content (%) 10

Moisture content (%) 4.5

Protein (%) 17.7
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are characterized by C–O stretching. Peaks at 856, 712 and

700 cm-1 characterize NH2 wagging and twisting, N–H

wagging and =C–H bending, respectively. In Fig. 5b, peaks

at 3850–3593 cm-1 (O–H stretching) are attributed to the

presence of phenol and alcohol while band at

3296 cm-1(N–H stretching) indicates the presence of

secondary amide groups. 2916 and 2850 cm-1 (methylene

asymmetric and symmetric C–H stretching) indicate the

presence of aliphatic hydrocarbon groups. For 1634 to

1443 cm-1, C=C stretching, NH2 scissoring, azo com-

pound and N–H bending are indicated. Broad bands at

1082, 1068 and 1032 cm-1 indicate C–O stretching. Peaks

Fig. 2 SEM images of Tympanotonos fuscatus shell (TFS)

Fig. 3 SEM images of Tympanotonos fuscatus coagulant (TFC)
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at 909, 855, 781, 712 and 699 cm-1 (N–H stretching, NH2

wagging and twisting, N–H wagging and =C–H bending)

indicate the presence of amine and alkyne groups. Fig-

ure 5c shows distinct peaks at 1445 cm-1(N=N stretching),

3335 cm-1 (N–H stretching), 2917, 2850 cm-1 (methylene

symmetric and asymmetric of C–H stretching). Peaks at

1082, 1068, 1032 and 1009 cm-1 indicate the presence of

esters, while 913, 857 cm-1 stand for N–H stretching and

NH2 wagging and twisting. The region of 712–699 cm-1

depicts the presence of alkyne group. Figure 5a–c showed

that some peaks were shifted and also new peaks were

detected.

XRD pattern of TFS, TFC and SSAT

Figure 6a–c shows 11 and 10 clear peaks, respectively. The

peaks were assigned on the bases of their different reflec-

tions and planes. The left–right shifts might be linked to the

expansion or contraction of the samples. The intense peaks

for samples were caused by a small subset of crystallite in

the powder that had a plane oriented exactly parallel to the

reference plane. The system depicted 000 hkl for TFS, TFC

and SSAT. This implies that the atomic structures of TFS,

TFC and SSAT are of primitive crystalline structure.

Differential scanning calorimetric (DSC)

and thermogravimetric analyses (TGA) of TFS, TFC

and SSAT

DSC and TGA indicate the thermal characteristics of

samples [34–36] in Figs. 7–9. Figures 7a and 8a show the

DSC profile for TFS and TFC over 37.5–296.875 �C and

37.5–297 �C, with enthalpy of 12.039 and 11.439 kJ/mol,

respectively. The transition could be due to de-stringing

and coiling of carbon chain resulting in spontaneous den-

sification [37, 38]. Densification depicted in Figs. 7a and

8a, respectively, took place at 150–200 �C and

112.5–187.5 �C exothermically. The final residual mass for

TFS (Fig. 7b) and TFC (Fig. 8b) was 3.259 mg and

3.520125 mg, representing 94.06 and 87.5 % of the origi-

nal weights, respectively. The early and late weight losses

in Figs. 7b and 8b were due to loss of internal moisture and

labile component, respectively, from samples [37, 38].

Fig. 4 SEM images of settled sludge after treatment (SSAT)

Table 3 Elemental composition of TFS, TFC and SSAT

Element (Wt%) TFS TFC SSAT

C 23.68 17.47 20.51

Na 0.99 31.65 5.14

Mg 0.68 3.18 18.63

Al 0.00 3.16 9.32

Si 0.00 4.49 11.49

P 0.00 0.00 0.00

S 0.00 0.00 0.00

Cl 0.00 0.81 0.49

K 0.00 0.19 0.00

Ca 195.77 153.69 127.17

Ti 0.00 0.00 8.38

Fe 0.00 1.91 5.51

Cu 0.00 0.00 0.00

O 78.93 83.07 93.36
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Fig. 5 FTIR spectrum of: a TFS, b TFC and c settled sludge after treatment
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The eutectic points of SSAT due to inhomogeneous

deposition of varying suspended and dissolved particles are

depicted in Fig. 9a. Moreover, even though Fig. 9a indi-

cates the presence of eutectic points, the process was still

exothermic. Figure 9b indicates dehydration and

volatilization of the samples mass at 310.5 �C, in which

about 5 % (0.11985 mg) of its weight was lost [39]. On

oxidization, about 10 % (0.2397 mg) of sample weight was

lost between 310.5 and 462.5 �C. At 587.5 �C, 0.2996 mg

was lost. Figure 9b shows maximum mass loss of 15 %

(0.2996 mg) that ceased at 587.5 �C [39]. The weight loss

was due to potassium (K) chain fragmentation/decompo-

sition with early oxidation of the samples. The samples

indicated thermal stability.

Fig. 6 XRD pattern for: a TFS, b TFC and c settled sludge after treatment
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Process factors influence on TFC performance

Impact of dosage on particle removal efficiency

Figure 10 shows initial efficiency of 4 % at 0.5 g/L. This

progressively increased to maximum at 46.58 % for 2 g/L,

after which it decreased to 6 % at 5 g/L. The efficiency

increase resulted from incremental provision of TFC ?ve

charges that progressively destabilize the PE -ve charges

as dosage increased from 0.5 to 2 g/L. Furthermore, the

decrease observed after 2 g/L arose from sustained re-sta-

bilization due to oversupply of ?ve charges after 2 g/L, up

to 5 g/L. At 2 g/L, there was quantitative equilibrium

between both charged species to obtain the optimum per-

formance. Thus, 2 g/L was adopted for the evaluation of

influence of pH on particle removal reported in ‘‘Impact of

pH on particle removal efficiency’’.

Impact of pH on particle removal efficiency

Figure 11 shows an efficiency profile that alternatively

decreased and increased as the pH reduced from 9 to 2. The

efficiency increase for pH ranges 3–2 and 8–5 was due to

progressive proton donation. Conversely, efficiency sup-

pression for pH ranges 9–8 and 5–3 could be linked to ?ve

and -ve species-propelled charge reversal, respectively.

Fig. 7 Graph of a DSC and

b TGA of Tympanotonos

fuscatus shell
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The charge reversal led to re-stabilization and coagulation

recession. The peak efficiency at 97 % for pH 5 denotes a

regime of equilibrated donation of ions and counter-ions

engaged in the perikinetic aggregations.

Temporal variation of efficiency

Figure 12 depicts the temporal variation of efficiency with

reference to 2 g/L TFC. It shows time-lined increment in

efficiency until 20 min, from which efficiency growth

becomes negligible. At 20 min, equilibrium was achieved.

Between 0 and 20 min, particle aggregation and gravity

settling occurred as destabilization or enmeshment effec-

tively took control of the flocculation.

Coag-flocculation kinetics

Table 4 shows the kinetic parameter values for 2.0 g/L and

pH 5. Km was derived from the slope of Eq. (16). Km takes

into account the coagulation and flocculation regimes

involved in the aggregation for second-order predominated

process. In this case, for higher a to be actualized, a lower

is obtained. The value of a is in consonance with earlier

reports on Brownian coagulation [20, 28]. a is best main-

tained between 1 and 2 for effective performance. When

variation in KR is negligible, ep directly relates to

2Km = bBR. In this case, high ep results in high kinetic

energy to overcome the zeta potential. Low zeta potential

ensures recession or total double-layer collapse to actualize

Fig. 8 Graph of: a DSC and

b TGA of Tympanotonos

fuscatus coagulant
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Fig. 9 Graph of: a DSC and

b TGA of settled sludge after

treatment

Fig. 10 Removal efficiency vs

dosage for Tympanotonos

fuscatus coagulant in paint

effluent
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low s1/2 in favor of high rate of coagulation. The model rate

equation at which viable flocs materialize at 2 g/L and pH

5 is displayed in Table 5. The discrepancies occurring in

kinetic parameters could be attributed to interplay between

van der Waals and hydrodynamic forces, which reduces by

factor of 2 the correlation between experimental and the-

oretical values [19, 24, 40, 41].

Process variables statistics

The standard deviation (SD) and statistical error analyses

with respect to Figs. 10–12 and Fig. 12, respectively, are

represented in Table 6. The SD values (14.88, 10.65, 16.2)

shown in Table 2 indicate relative volatility in the effi-

ciency profiles of Figs. 10–12 and Fig. 12. The volatility is

amply supported by the graph lines and this was due to

alternate swings between protonation and de-protonation of

the effluent fluid as pH, time and dosage varied. The rel-

ative statistical distance of the SD values from zero indi-

cated profound effect of time, dosage and pH and their

capacity to set up aggregation and charge reversal on the

process. The results of error analyses with respect to

Fig. 12 are shown in Table 6 as RMSE (0.0352), SSE

(0.2302), and RE (0.0287). These results indicate how

absolute the kinetic data fit the model. The lower the values

of RMSE, SSE and RE, the better the fit. Considering the

relatively low values of RMSE, Re and SSE, it can be said

that the model is reasonably accurate.

Conclusion

In this work, the coagulation–flocculation process was

initiated as a pretreatment method to remove particle load

from paint effluent (PE) using Tympanotonos fuscatus

coagulant (TFC). At optimum condition, TFC was found to

be an effective bio-coagulant in the pretreatment of paint

effluent with particle removal efficiency of 97 % at dosage

of 2 g/L and pH of 5. Dosage and pH had significant

influence on the performance of TFC. Rate constant of

5.0E-5 L g-1s-1 was obtained for a period of 76 s. DSC

and TGA depicted a thermally stable TFC. SSAT showed a

eutectic characteristic, indicating inhomogeneous compo-

sition of after treatment sludge (SSAT). The variation in

Table 6 Statistical analysis

Av SD RMSE SSE RE

Eff. vs dosage 21.36 14.88

Eff. vs pH 62.75 10.65

EFF. vs time 81.46 16.2 0.0352 0.2302 0.0287

Eff. efficiency
Fig. 11 Optimal condition of pH on particle removal efficiency at

2 g/L

Fig. 12 Variation of efficiency with time at 2 g/L and pH 5

Table 4 Coagulation kinetic

parameters (pH 5 and 2 g/L)
Parameter Value

Km (L g-1 s-1) 5.0E–5

1
N0

(L g-1) 0.0019

N0 (g L-1) 526.30

R2 0.8576

s1/2 (s) 76

KR (g2 s-1) 2.55E–10

bBR (L g-1 s-1) 1.0E–40

åp (L3 g-3) 1958

Dp (g2m-1s-1) 3.54E–05

Ü 2

Table 5 Rate equation for Tympanotonos fuscatus coagulant in PE

Dosage (g/L) Rate equation (-r)

2 5.00E-05Nt2
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chemical compositions of TFC and SSAT indicated the

ability of the TFC to uptake pollutants away from the paint

effluent. This work demonstrates that TFC has potential for

application as a coagulant, and could be extended to other

effluents.
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