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Modeling of Coagulation Process for the
Removal of Carbofuran in Aqueous Solution
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Abstract—A coagulation/flocculation process was adopted for
the reduction of carbamate insecticide (carbofuran) from aqueous
solution. Ferric chloride (FeCl;) was used as a coagulant to treat the
carbofuran. To exploit the reduction efficiency of pesticide
concentration and COD, the jar-test experiments were carried out and
process was optimized through response surface methodology
(RSM). The effects of two independent factors; i.e., FeCl; dosage and
pH on the reduction efficiency were estimated by using central
composite design (CCD). The initial COD of the 30 mg/L
concentrated solution was found to be 510 mg/L. Results exposed
that the maximum reduction occurred at an optimal condition of
FeCl; = 80 mg/L, and pH = 5.0, from which the reduction of
concentration and COD 75.13% and 65.34%, respectively. The
present study also predicted that the obtained regression equations
could be helpful as the theoretical basis for the coagulation process of
pesticide wastewater.

Keywords—Carbofuran, coagulation, optimization, response
surface methodology.

I. INTRODUCTION

OST of the pesticides has either been banned or

restricted by some countries, but in India these have
been allowed to use on crops for large amount of production.
Pesticides that have been used in India are regulated by
Central Insecticides and Board and Registration Committee
(CIBRC) and the Food Safety and Standards Authority of
India (FSSAI). Carbofuran (2, 3-dihydro-2, 2-dimethyl-7-
benzofuranyl N-methyl carbamate) was registered for 27 crops
by CIBRC, i.e. jute, bajra, frenchbean, groundnut, potato,
apple, tomato, maize, citrus fruits etc. Carbofuran is persistent
carbamate  insecticide = from  other  carbamate or
organophosphate insecticides [1]. The mode of action of
carbamate insecticides is mostly similar to organophosphate
insecticides.

Common pesticides, such as, carbofuran may appear as
major pollutants in the soil, air, surface and water sources.
Carbofuran is moderately toxic by dermal absorption and
highly toxic by inhalation and ingestion. It is soluble in water.
Several chemical and biological treatment methods have been
suggested to reduce the concentration of carbofuran in water
and wastewaters. Degradation of carbofuran in soil takes place
by hydrolysis, microbial action and, to a lesser extent,
photodecomposition. The persistence of carbofuran in the
environment is dependent upon pH, soil type, temperature,
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moisture content and the microbial population. The maximum
concentration of carbofuran reported by the World Health
Organization (WHO) in 3 pg/L in potable water [2].
Carbofuran is very toxic to aquatic life with long lasting
effects and fatal if swallowed or if inhaled. At extremely low
doses, carbofuran can cause transient alterations in the
concentration of many hormones in humans and animals.

Most of the techniques are ordinarily used for determination
of pesticides in aqueous solutions such as gas
chromatography—mass spectrometry, HPLC, HPLC-MS,
double beam UV-Vis spectrophotometer. Pesticides which are
insoluble in water (e.g. DDT), or which are easily
decomposed, such as carbamate insecticides (carbofuran), can
be effectively removed by the conventional methods. Various
techniques have been used for the removal of insecticide
carbofuran from wastewater such as, adsorption [3]-[7],
Fenton [8], Photo-Fenton [9], electro-Fenton [10] and photo-
degradation [11]-[14]. Pesticides polluted surface and ground
water, therefore, can be treated very effectively by using one
of these techniques. RSM was proposed as an efficient way to
optimize the effects of individual factors and their responses.
This statistical technique has been broadly used for the
optimization of various experiments in material science, food
chemistry, chemical engineering, biotechnology, and also used
for building models [15], [16].

The main objective of the present study was to optimize the
coagulation process (Jar-test experiment) by RSM. The CCD
was chosen to analyze the effect of independent variables, i.e.
initial pH and FeCl; dosage on two response concentration and
COD.

II. MATERIALS AND METHODS

A. Materials

Technical grade carbofuran (C12HI15NO3) of 98% purity
was supplied by Sigma—Aldrich (Mumbai). Ferric chloride
was procured from Fisher Scientific (Mumbai, India). Water
(HPLC grade) was procured from Merck, Mumbai and
acetonitrile (HPLC grade) were procured from Fisher
Scientific. Standard 1 M NaOH and 0.1 M H2SO4 solutions
were used for pH modification. All reagents used in the
present study were of analytical grade. All glassware of
borosil was used for the experiment.

B. Analytical Methods

The pH meter was used for the measurement of pH in the
solution. Characterization of sludge obtained during the
coagulation process was analyzed through a Scanning Electron
Microscope (SEM) to understand the surface morphology of
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the sludge. Fourier Transform Infrared Spectroscopy (FTIR)
analysis of the obtained sludge was carried out to check the
functional group in the sludge. The concentration of the
solution after treatment was analyzed by High performance
liquid chromatograph (HPLC). COD values of samples, before
and after treatment were measured by microwave digestion
method using double wavelength (430 nm, 610 nm)
photometer system.

C.Jar-Test Experiment

A stock solution of carbofuran (concentration = 30 mg/L)
was prepared and stored at 4 °C. Batch studies in jar-test
(Model: IK-155, IKON, Delhi, India) was conducted for the
reduction of concentration and COD from the aqueous
solution. The initial COD value of carbofuran solution was
measured 510 mg/L. A jar-test apparatus comprising six
thermostatic magnetic stirrers and beakers was set up at
ambient temperature for each run. Each of the beakers of 1 L
capacity was filled with solution for further studies. Different
combinations of pH (4-9) and FeCl; dosage (20-120 mg/L)
were tested. The initial pH of the samples was adjusted by
either NaOH or H,SO,. After pH adjustment, FeCl; was added
to the solution. The process was conducted at 120 rpm for 2
min, followed by a slow mixing of 40 rpm for 30 min. The
flocs (precipitate) formed were allowed to settle down for 30
min. After settling, flocs were filtered with the help of
Whatman No. 42 filter paper and precipitate-free liquid were
taken for the analysis of concentration and COD.

The reduction efficiency of concentration (R;) and COD
(R,) was determined by using the given equation:

R1 (%) — (Initial copc— Finaleonc) % 100 (1)

Initial cone,

__ (nitial cop— Finalcop)

Ry (%) = x 100 ()

Initial cop

D.Design of Experiment

RSM was used for the modelling of the experiment. CCD in
RSM has been extensively used. State-Ease Design Expert
9.0.5 was used for coagulation-flocculation process modelling.
The independent key factors initial pH (X;) and coagulant
dose (X,) was optimized by CCD. Equation (3) was used for
statistical calculation to convert the actual value of an
independent variable (X;) to the coded form (x;) [17], [18]:

Xi=Xo)
Xi = Tv (3)

where, x;, Xi, Xoand 8X are the coded value of i independent
variable, uncoded value, actual value at the center point and
the step change, respectively. Concentration reduction and
COD reduction were selected as a response variable. The
response of the process was fitted by a second-order
polynomial model:

Y= by + N b X + Ty by XP + X X by XX+ € (4)

where, Y is the predicted response to be modeled; X; and X; are
the coded variables; by is offset terms; b; is the linear

coefficient; by is the quadratic coefficient for squared effects,
bjj is the interaction coefficient; and ¢ is the residual error.
Operating range and coded levels of independent variables for
the development of the model are shown in Table 1. Analysis
of variance (ANOVA) was used to investigate the data
obtained from CCD.

TABLE I
OPERATING RANGE AND CODED LEVELS OF INDEPENDENT FACTORS

Symbols Coded levels
Factors
Actual Coded -1 0 +1
Initial pH X X 4 6.5 9
FeCls dose X, X, 20 70 120

III. RESULT AND DISCUSSION

A. Effect of pH

The objective of this experiment was to examine the
influence of pH on the reduction efficiency of the pre-
determined operating condition, initial concentration 30 mg/L,
initial COD 510 mg/L, coagulant dose 40 mg/L and agitation
speed of 120 rpm. Initial pH of carbofuran containing solution
was adjusted in the range of 4-9 by using 1M NaOH and 1M
H,SO,. The obtained result expresses that the initial pH plays
an important role on the both concentration and COD
reduction efficiency. When the initial pH of the solution was
increased, the reduction efficiency of concentration and COD
increased markedly until the pH value of 5.0, but increasing
the pH above 5.0 distinctly reduced the reduction efficiency in
both cases. Therefore, the optimum pH value for concentration
and COD reduction was 5.0, at which the concentration
reduction was 73.12%; however, the COD reduction at this
point was 64.13%. Based on this consideration, the optimum
pH 5.0 was adopted for further experiment.

B. Effect of FeCl; Dose

Coagulant dose plays an important role in the coagulation
process to determine the reduction efficiency. The purpose of
this study to examine the influence of coagulant dosage on the
pre-determined operating condition, initial concentration 30
mg/L, initial COD 510 mg/L, optimum pH 5 and agitation
speed of 120 rpm. The coagulant dosages were investigated in
the range of 20-120 mg/L. When FeCl; dosage was increased,
the reduction efficiency of concentration and COD increased
markedly up to the FeCl; dosage of 80 mg/L, but increasing
the dose above 80 mg/L distinctly reduced the reduction
efficiency in both cases. Therefore, the optimum coagulant
dose for concentration and COD reduction was obtained 80
mg/L, at which the concentration reduction was 75.13%;
however, the COD reduction at this point was 65.34%.

C.Statistical Analysis

The relationship between the independent factors (pH and
coagulant dosage) and responses (concentration and COD) for
the process was analyzed by using CCD of RSM. The CCD
required significant model terms to obtain a best fit in a
particular model. Thirteen run (13) required to develop the
model. The CCD developed the mathematical equations in
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terms of pH (X,;) and coagulant dose (X,) according to (4).
Then results obtained were analyzed by ANOVA to estimate
the “goodness of fit”. The coefficients of the polynomial
model were estimated by ANOVA and values are given in
Table II. The reduced quadratic model refers to (5) and (6), in
terms of coded factors as:

Yeone (%) = 66.04 —6.76 X, + 8.65 X, — 15.70 X? — 9.71 X2 —

Yeop (%) = 53.50 — 4.06 X, + 8.76 X, — 13.50 X2 — 10.00 X2 —
7.00 X,x, (0)

The ANOVA confirms, adequacy of the model since P is
less than 0.05. The Model F-value of 1.35 suggests that the
model is significant. The "Lack of Fit F-test" describes that it
is significant. Confidence intervals are 15.95-56 and 30.22-
70.17 for COD and concentration reduction, respectively. The

Residual
Lack of Fit

370.70  187.13 5296  26.73
2156.00 2692.00 431.20 54530

31.05 23.15 <0.0009 (significant) < 0.0004 (significant)

6.75 X, X, (5)  coefficient of determination (R%) value is 0.903, and the
accuracy of model is estimated.
TABLE I1
ANOVA REGRESSION ANALYSIS FOR RESPONSE SURFACE QUADRATIC MODEL
Source 255;-52 rﬁf Sum of squares Mean square F value l])’_r(‘)/}iliulf
Conc. COD Conc. COD Conc. COD Conc. COD
Model 5 3277.46  2690.10 65549 538.02 12.38 20.13  0.0023 (significant) 0.0005 (significant)
X1 1 365.46 13191 36546 13191 6.90 4.93 0.0341 0.0618
X2 1 59830  613.96 59830 61396 1130 2297 0.0121 0.0020
X1 Xz 1 182.25 196.00 182.25 196.00 3.44 7.33 0.1060 0.0303
X,2 1 1716.35 1267.83 1716.35 1267.83 32.41 4743 0.0007 0.0002
Xo? 1 655.55 695.65 655.55 695.65 12.38 26.02 0.0097 0.0014
7
3
4

Pure Error 69.43 0.81 0.69 0.81

D.Process Analysis

To observe the impact of pH and FeCl; dose on two
responses, 3D response surface and contour plots are used.
The response surface plots for coagulant FeCl; are shown in
Fig. 1. Fig. 1 (a) indicates a maximum concentration reduction
is 69%. Likewise, Fig. 1 (b) indicates that the maximum COD
reduction is 55%. The plots are almost symmetrical in shape
with circular contours and have a positive effect on reduction
efficiency, shown in Figs. 2 (a) and (b).

All 3D plots show clear peaks, indicating the optimum
conditions for maximum concentration and COD reduction in
the design range of independent factors (pH and FeCl; dose).
Standard deviation was found to be 7.28 and mean of
responses became 53.40 using FeCl;. The plots are almost
symmetrical in shape with circular contours.
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Fig. 2 Contour plots for (a) concentration, (b) COD

IV. CONCLUSION

Coagulation process was conducted for the treatment
carbofuran containing aqueous solution. Statistical analysis
was done by using RSM conducting CCD. The results
indicated that the reduction efficiency was affected by initial
pH and FeCI3 dosage. ANOVA analysis exposed a high R?
value of quadratic model, to ensure the accuracy of the model.
Optimum pH and FeCl; dose was found to be 7.0 and 80
mg/L, respectively. At optimum pH, the concentration and
COD reduction was 73.12% and 64.13%, respectively. At
optimum dose, the concentration and COD reduction was
75.13% and 65.34%, respectively. The RSM demonstrated
that predicted value has good agreements with measured
values.
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