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Abstract: This paper discusses the applications of synthetic PONILIT GT-2 anionic polyelectrolyte
in conjuction with ferric sulfate in a chemical wastewater treatment viz. wastewater from ceramics
manufacturing. Synthetic wastewaters with different colloid concentrations were prepared and the
coagulation-flocculation process followed by sedimentation and/or filtration was studied. Variables
associated with the chemical wastewater composition, mixing time, and the coagulant and flocculant dose
are considered in order to appreciate the process efficiency in terms of turbidity, chemical oxygen demand
(COD), and color removal. The degrees are higher for turbidity and color (> 80 %) removal respectively,
and, satisfactory for COD (< 50 %). An empirical model was elaborated by a third order rotatable design
23 type, considering ferric sulfate dose, polyelectrolyte dose, and mixing time as independent variables,
while the turbidity and color removal efficiencies were chosen as optimization criteria. The empirical
model was found adequate for the chemical wastewater treatment. Also, an analysis of the model
was performed to find the optimal operating conditions, in order to apply this process for an efficient
chemical wastewater treatment using ferric sulfate as coagulation agent and PONILIT GT-2 anionic
polyelectrolyte as flocculation agent. The optimal values correspond to a ferric ions concentration of
6.093 mg/L, a polyelectrolyte dose of 0.651 mg/L, and a mixing time of 24.024 minutes for turbidity
removal (95.869 %), respectively, and, to a ferric ions concentration of 6.01 mg/L, a polyelectrolyte dose
of 0.69 mg/L, and a mixing time of 26 minutes for color removal (98.741 %).
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1 Introduction

Most wastewaters contain solids to some degrees, and in cases where chemical or biological

treatment of wastewater is carried out, additional solids are generated during treatment.

Since the effluent suspended solids’ standards and regulations are stringent, the addition

of coagulant aids such as chemicals that increase the flocculation rate or flocculants may

be feasible [5, 7, 10, 12, 21].

Thus, particulate material in wastewater must be brought together in order for aggre-

gation or particle growth to occur. This process is called coagulation or flocculation based

on the type of chemical reagents and reaction mechanism. Ferrous / ferric salts as sulfate

or chloride, aluminum sulfate or chloride salts are examples of inorganic coagulants while

polymeric compounds such as polyelectrolytes are examples of flocculation agents. When

large, complex macromolecules are used as flocculants, simple electrostatic adsorption of

counter ions that effectively neutralize the particles and decrease the surface potential

becomes important. Over dosage with flocculants can result in particle-charge reversal

due to adsorption of excess ions and result in a stable colloid.

Organic polymers such as polyelectrolytes provide a process of adsorption and bridg-

ing between particles as a more explicit example of flocculation process. Cationic, anionic,

and nonionic polyelectrolyte are available for use as flocculants, and all three are exten-

sively used in wastewater treatment [2, 9, 19–21].

Choice of the most suitable polyelectrolyte for a given situation depends on both

the type of particle being removed and the chemical characteristics of the wastewater.

Ions present in the wastewater interact with the polyelectrolyte and, in some cases, may

result in a surprising situation where an anionic polyelectrolyte becomes the most suitable

flocculant for a negatively charged colloid [7, 12, 17].

Determination of the need, the type and amount of flocculants and coagulant to be

used for flocculant-coagulant addition should be based upon laboratory or if possible

pilot plant studies. Generally, data on residual turbidity i.e turbidity of the settled,

flocculated suspension, should be measured as a function of flocculant and coagulant

dosage, pH, mixing rate, and temperature (when temperature varies significantly). Most

of these variables can be calculated by inexpensive jar tests in a laboratory scale set up.

Separation of aggregated particles after flocculation process is done by sedimentation,

therefore the range of particle sizes, shapes, and densities precludes developing a general

analytical approach. Prediction of removals or effluent quality in this type of system is

based upon experimental data where a batch experimental system is used.

This paper will discuss the influence of the synthetic anionic polyelectrolyte, PONILIT

GT-2 [11] and ferric sulfate on coagulation-flocculation process as applied to synthetic

wastewater from inorganic industries. Samples having characteristics similar to industrial

wastewater from ceramics manufacturing in terms of pH, turbidity, color, and organic ma-

terials expressed by COD were used for these laboratory experiments. Variables concern-

ing the chemical wastewater composition, temperature, mixing time, and the flocculant
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dose were considered in order to appreciate the process efficiency e.g., turbidity, COD and

color removals. Process modeling and optimization were also performed in order to find

the optimal treatment conditions using a third-order central rotatable design, 23
, type.

All experiments were performed at laboratory scale.

2 Experimental

2.1 Experimental procedure

The experiments have been done on synthetic wastewater samples with the turbidity

indicator varying between 100 and 500 FTU (formazine turbidity units) or with the

suspended solid indicator varying between 250-1000 mg/L. The synthetic wastewaters

were prepared with drinking water, low biodegradable organic compounds and bentonite,

which was previously, dried at 105 ◦C ± 5 ◦C for 2 hours. The bentonite amounts

for preparation of synthetic wastewater samples were chosen to obtain concentrations of

250 mg/L, 500 mg/L, 1000 mg/L corresponding to turbidity values of 100, 250 and 500

FTU, similar to those existing in industrial wastewaters as in wastewaters from ceramics

manufacturing. The color of wastewater samples was measured in Hazen unit (HU).

As coagulation agent was used ferric sulfate as an aqueous stock solution of 1 g/L. The

anionic polyelectrolyte, PONILIT GT-2 was used as flocculation agent as an aqueous so-

lution of the sodium copolymer salt based on maleic acid and vinyl acetate. The polyelec-

trolyte stock concentration used for this study was 0.5 % (the polyelectrolyte is patented

by the “P.Poni” Institute of Macromolecular Chemistry, Iaşi) [11]. This polyelectrolyte

was industrially produced by the Chemical Enterprise of Falticeni and commercialized by

“Chimica”Company, Bucharest having the following characteristics: amber color, specific

smell, pH of 6.5 – 8, content of active product into solution of 33 – 36 % (w/w), density

of 1.18 – 1.21 g/cm3, water soluble, viscosity at 20 ± 1◦C of 1500 – 1800 cP, average

molecular mass of 2.105 – 3.106, no corrosive or toxic effect.

The synthetic wastewaters were treated using Jar test method in a batch experimental

setup with coagulation and flocculation agents, into the following operational conditions:

pH variation between 6.5 - 7.0, coagulant doses chosen into the range of 3-5 mg/L Fe, floc-

culant doses chosen in an optimal range of 0.25 – 1.5 mg/L . For coagulation-flocculation,

the samples were firstly mixed rapidly for 3 minutes at 160 rpm and then mixed slowly for

30 minutes at 50 rpm. In the next interval of 60 minutes, the agitation was interrupted,

in order to allow the generated flocs to settle at the bottom of the reaction vessel. The

supernatant was then analyzed for turbidity, color and COD. The turbidity, color and

COD removal, which express the process efficiency, are calculated using Eq. (1) [9, 17]:

Removal degree (%) =
Ci − Cf

Ci

· 100 (1)

where:

Ci– the initial value of the analyzed indicator, in FTU, HU or mg O2/L;

Cf – the final value of analyzed indicator, in FTU, HU or mg O2/L.
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2.2 Analysis Methods

2.2.1 Suspended solids determination

The suspended solids of wastewater sample were measured using a spectrophotometer

DRELL DR 2000, HACH Company, at wavelength of 810 nm [6].

2.2.2 Turbidity determination

The sample turbidity was measured at wavelength of 450 nm using a spectrophotometer

DRELL DR 2000, HACH Company.

2.2.3 Determination of wastewater color

Color determination was done by measuring the absorbance at λ= 456 nm using spec-

trophotometer DRELL DR 2000. The absorbance was converted to a Hazen unit (HU)

scale, where 50 HU corresponds to an absorbance of 0.069 at λ = 456 nm [16].

2.2.4 pH determination

The pH values were directly measured using a digital HACH pH-meter.

2.2.5 Conductivity determination

The sample conductivity was measured with a RADELKIS OK-102/1 conductometer.

2.2.6 Chemical Oxygen Demand (COD) determination

The dichromate method was used. Samples of 2 mL of wastewater were treated with 5

mL H2SO4 and 3 ml K2Cr2O7 0.25 N in special ampoules. Then, 0.2 g COD catalyst was

added. The ampoules were kept during 2 hours in a heating chamber at 150 ◦C. After

cooling, the absorbance at 600 nm was measured [22] and compared against a reference

blank of distilled water prepared in the same way as wastewater samples. Potassium acid

phthalate was used as the calibration standard.

2.2.7 Chloride determination

The chloride content was directly measured with Hach chloride reagent and DRELL DR

2000 spectrophotometer.

2.2.8 Total iron determination

The total iron content was determined using the spectrophotometric method with 1,10-

phenantroline [13, 22].

2.2.9 Wastewater hardness

The titrimetric methods with acid hypochlorite and metilorange to check for temporary

hardness and Complexon III / ErioT for determination of total hardness were used [22].
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3 Results and discussion

3.1 Preliminary flocculation experiments with PONILIT GT-2 anionic

polyelectrolyte and ferric sulfate

The wastewater quality was evaluated for three different series of wastewaters, and physic-

ochemical indicators such as:

concentration of solid particles - 250 mg/L, 500 mg/L and 1000 mg/L

turbidity - 100 FTU, 250 FTU and 500 FTU

pH - 6.5, 6.83, and 7.0

conductivity - 250-270 μS/cm

COD - 72.0 mg O2/L, 63.9 mg O2/L, and 52.7 mg O2/L

temporary and total hardness -3.07 ◦G and 14.76 ◦G respectively

total chlorides - 75.1 mg/L.

The experimental results after coagulation-flocculation and sedimentation of synthetic

wastewater samples treated with ferric sulfate and PONILIT GT-2 at 20 ◦C are presented

in Table 1.

The best values of removal efficiency, expressed as reduction in turbidity, color and

COD, were achieved with a ferric sulfate dose of 5 mg/L and a PONILIT GT-2 dose of

0.25 mg/L. When no ferric sulfate and polyelectrolyte is added, the removal degrees are

lower with values obtained as follows: 36.33 – 21.05 % turbidity, 32.44 – 19.34 % color

and 18.53 - 20.45 % COD for the three series of wastewater samples (500 FTU, 250 FTU,

and 1000 FTU).

Most of industrial wastewater recycling treatment demand a filtration step in the

technological treatment. To simulate the real time setup in our laboratory scale set-up,

after sedimentation, a filtration under pressure of all wastewater samples were carried

out. The experimental results after the supplementary step of wastewater treatment i.e

coagulation-flocculation-sedimentation-filtration are presented in Table 2.
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Table 1 Experimental data of coagulation-flocculation-sedimentation treatment using

ferric sulfate and PONILIT GT-2 anionic polyelectrolyte.

Suspended Fe3+ + poly- Turbidity, Turbidity UH Color COD, COD Residual
solids, -electrolyte FTU removal, removal, mg/l removal, iron,
mg/l doses, mg/l % % % mg/L

0 184 36.33 234.42 32.44 42.93 18.53 UDL∗

3 + 0.25 10 97.02 13.04 96.61 30.14 42.8 0.28

3 + 0.5 16 97.32 22.46 94.14 28.87 45.22 0.07

1000 3 + 1.5 17 94.94 25.36 93.41 28.23 46.43 0.04

5 + 0.25 9 97.23 12.68 96.7 27.58 47.66 0.06

5 + 0.5 11 96.76 11.955 96.89 27.58 47.66 0.12

5 + 1.5 15 95.53 18.475 95.2 29.83 43.4 0.36

0 97 40.85 107.625 47.89 45.60 28.63 UDL∗

3 + 0.25 15 90.19 19.925 90.05 25.70 59.78 0.15

3 + 0.5 10 90.84 12.68 93.67 24.15 62.2 0.02

500 3 + 1.5 28 81.69 37.68 81.19 21.66 66.1 0.07

5 + 0.25 14 93.46 21.735 89.15 17.04 73.33 0.1

5 + 0.5 19 87.58 25 87.52 14.84 76.78 0.03

5 + 1.5 21 86.27 29.71 85.17 23.42 63.34 0.02

0 75 21.05 98.185 19.34 57.28 20.45 UDL∗

3 + 0.25 17 83 20.65 85 33.57 53.37 0.33

250 3 + 0.5 20 80 27.535 80 30.36 57.84 0.18

3 + 1.5 44 56 61.23 55.6 35.97 50.04 0..23

5 + 0.25 14 86 18.115 86.8 30.36 57.84 UDL∗

5 + 0.5 15 85 20.285 85.3 32.76 54.5 UDL∗

5 + 1.5 44 56 57.605 58.2 33.60 53.34 UDL∗

UDL∗ – under detectible limit

The removal efficiency of turbidity after filtration was 0.38 - 1.6 % higher then the

values obtained after sedimentation only while for the COD removal, the values were

similar. It can be therefore concluded that the supplementary step of filtration is not

necessary when Ponilit GT-2 and ferric sulphate are used as flocculation and coagulation

agent respectively, and that only the sedimentation process is sufficient.

For all the indicators studied, the chemical wastewater treatment by coagulation-

flocculation with ferric sulfate and PONILIT GT-2 anionic polyelectrolyte followed by

solid/liquid separation using sedimentation led to higher degrees of turbidity, color re-

moval and showed only a slight difference in COD.



C. Zaharia et al. / Central European Journal of Chemistry 5(1) 2007 239–256 245

Table 2 Experimental data of coagulation-flocculation-sedimentation-filtration treatment

using ferric sulfate and PONILIT GT-2 anionic polyelectrolyte.

Suspended Fe3+ + poly- Turbidity, Turbidity UH Color Residual
solids, -electrolyte FTU removal, removal, iron,
mg/l doses, mg/l % % mg/L

0 184 36.33 234.42 32.44 UDL∗

3 + 0.25 9 97.32 11.59 96.99 0.20
3 + 0.5 9 97.32 12.315 96.8 0.05

1000 3 + 1.5 20 94.04 28.62 92.56 0.03
5 + 0.25 15 95.53 20.65 94.63 0.05
5 + 0.5 10 97.02 5.795 98.49 0.10
5 + 1.5 14 95.83 18.485 95.2 0.30

0 97 40.85 107.625 47.89 UDL∗

3 + 0.25 10 93.69 11.23 94.39 0.10
3 + 0.5 9 92.88 11.955 94.03 0.02

500 3 + 1.5 18 88.23 23.185 88.42 0.05
5 + 0.25 11 94.11 13.405 93.3 0.10
5 + 0.5 16 89.32 20.285 89.81 0.03
5 + 1.5 13 91.5 17.025 91.5 0.02

0 75 21.05 98.185 19.34 UDL∗

3 + 0.25 5 91.03 6.88 99.12 0.30
3 + 0.5 14 86 19.925 85.5 0.15

250 3 + 1.5 26 74 34.055 75.33 0.20
5 + 0.25 11 89 14.43 89.76 UDL∗

5 + 0.5 18 82 23.185 83.2 UDL∗

5 + 1.5 24 76 30.795 77.6 UDL∗

3.2 Modeling the chemical wastewater treatment with ferric sulfate and

PONILIT GT-2 anionic polyelectrolyte

3.2.1 Experiment design

The quality of the synthetic wastewater is expressed by physical-chemical indicators

as presented in Table 3. The main factors that influence the chemical treatment by

coagulation-flocculation process were considered to be: Fe3+ concentration (z1), polyelec-

trolyte dose (z2), and mixing time at 50 rpm (z3).

As optimization criteria or response function was chosen the removal degree (Y %) in

terms of turbidity and color.

The mathematical model of an “n”variable central composite design can be presented

by Eq.(2) [8, 17, 22].
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Table 3 Some characteristics of synthetic wastewater.

Physical-chemical indicators Value

PH 6.98
Temperature, ◦C 20
Turbidity, FTU 556
Chemical Oxygen Demand (COD), mg/L 62.82
Color, HU 132
Total hardness, ◦G 14.72
Chlorides, mg/L 75.12

Y = b0 +
n∑

i=1

biXi +
n∑

j,i=1

bjiXiXj (2)

where:

Y = the response function (removal degree);

Xi, Xj = coded variables of the aqueous system;

b0, bi, bj, bij= model coefficients.

The model coefficients are estimated using the experimental results obtained from the

design points by a central compositive design. The coefficients were calculated using the

equations from Table 4 [8, 17].

The central compositive design has the advantage of no excessive experiments in

comparison with the number of coefficients to be determined. 20 experiments are used

to estimate the model coefficients [1, 8]:

– NF = 23 factorial experiments, performed at the corner of cube, that represents the

experimental data area;

– Na = 2 × 3 axial experiments, carried out on the axes, at a distance of ± α from

the center to obtain rotability. This compositive design becomes rotatable if Eq. (3) is

accomplished:

α = ±(NF )1/4 = ±1.682 (3)

– N0 experiments were performed at the center of experiments’ domain. In this case,

N0 = 6 to allow an independent estimation of “pure” experimental error variance [1].

In order to define the experimental domain explored, the range of variable values are

chosen in such a way that limits are set as wide as possible, while all the experiments are

feasible.

Tables 5 and 6 show the levels attributed to each variable.

To set the range of independent variables, for each variable z i(temperature, polyelec-

trolyte dose, mixing time) a basic value zi0 and a variation step Δzi0 of each variable

were established. Adding the variation step at the basic value gave the upper level value,

while by subtraction of the step value the lower level of variable was obtained.
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Table 4 Equations for the calculation of the model coefficients.

b0 = 0, 1663 ·
20∑
i=1

Yei − 0, 0568 · (
20∑
i=1

x2
1 · Yei +

20∑
i=1

x2
2 · Yei +

20∑
i=1

x2
3 · Yei)

b1 = 0, 0732 ·
20∑
i=1

x1 · Yei

b2 = 0, 0732 ·
20∑
i=1

x2 · Yei

b3 = 0, 0732 ·
20∑
i=1

x3 · Yei

b11 = 0, 0625 ·
20∑
i=1

x2
1 · Yei + 0, 0069 · (

20∑
i=1

x2
1 · Yei +

20∑
i=1

x2
2 · Yei +

20∑
i=1

x2
3 · Yei) − 0, 0568 ·

20∑
i=1

Yei

b22 = 0, 0625 ·
20∑
i=1

x2
2 · Yei + 0, 0069 · (

20∑
i=1

x2
1 · Yei +

20∑
i=1

x2
2 · Yei +

20∑
i=1

x2
3 · Yei) − 0, 0568 ·

20∑
i=1

Yei

b33 = 0, 0625 ·
20∑
i=1

x2
3 · Yei + 0, 0069 · (

20∑
i=1

x2
1 · Yei +

20∑
i=1

x2
2 · Yei +

20∑
i=1

x2
3 · Yei) − 0, 0568 ·

20∑
i=1

Yei

b12 = 0.125 ·
20∑
i=1

x1 · x2 · Yei

b13 = 0.125 ·
20∑
i=1

x1 · x3 · Yei

b23 = 0.125 ·
20∑
i=1

x2 · x3 · Yei

The coded value of zi, denoted as X iis determined with the Eq.(4) [15, 22]:

xi =
zi − zi0

Δzi0
(4)

So, the upper level is coded with 1, the lower level with −1 and the basic level with

0. There are other possible values of the variable level (αi) [15].

Table 5 The codification of the independent variables.

Variable/value Real Coded Real basic Variation
variable variable value step

Fe3+ concentration (mg/L) Z1 X1 7.5 2.5
Polyelectrolyte dose (mg/L) Z2 X2 0.5 0.25
Mixing time (min) Z3 X3 18 8

3.2.2 Validation of the model

The validation of the model was carried out by an appropiate analysis of variance. The

Fisher test was applied to determine the F value, with Eq. (5) [4]:

F =
(n − 1)

n∑
i=1

(
Yei − Ye

)2

(k − 1)
k∑

i=1

(
Yeki − Yek

)2
(5)
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Table 6 The experimental matrix of the chemical treatment process with ferric sulfate

and PONILIT GT-2 anionic polyelectrolyte.

Exp.no. X1 X2 X3 Y1 Y2

1 -1 -1 -1 84.5 87.3
2 1 -1 -1 68.4 70.7
3 -1 1 -1 86.4 89.9
4 1 1 -1 75.2 78.3
5 -1 -1 1 86.2 89.7
6 1 -1 1 75.4 78.3
7 -1 1 1 89.6 93.7
8 1 1 1 86.8 89.5
9 -1.682 0 0 95.7 98.9
10 1.682 0 0 66.3 70.1
11 0 -1.682 0 70.1 74.3
12 0 1.682 0 95.4 98.9
13 0 0 -1.682 78.3 81.6
14 0 0 1.682 95.0 98.2
15 0 0 0 92.1 94.3
16 0 0 0 90.7 93.1
17 0 0 0 91.3 93.8
18 0 0 0 88.2 91.4
19 0 0 0 90.9 90.6
20 0 0 0 93.4 94.1

where:

Yei = the experimental values of the dependent variable (removal degree, %);

Ye =the average value of the dependent variable;

Yeki = the experimental values of dependent variable into the center of the programme;

Yek = the average value of the experimental values into the center of the programme;

n = the total number of experiments from the experimental matrix;

k = the number of experiments into the centre of the programme.

The fitted model is considered adequate if the variance due to the lack of fit is not

significantly different from the pure error variance.

F value calculated with Eq. (3) is compared with F tab – the value of quantile for the

F distribution for certain significance level and degree of freedom [4, 15, 17].

If F>F tab, it can be said that the deviation of the experimental data from the average

value is not the result of experimental errors, but it is determined by the influence of

independent variables (temperature, polyelectrolyte dose, mixing time) on the removal

degree.

The multiple correlation coefficients was also calculated in order to establish the cor-
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relation between the dependent variable and the three independent variables as a whole

Eq. (6) [15]:

RY X1X2X3 =

√√√√√√√√
1 −

13∑
i=1

(Yei − Yci)
2

13∑
i=1

(
Yei − Ye

)2
(6)

If the RY x1,x2,x3 value is close to the unity, the independent variables have a significant

importance on the dependent variable.

To verify the significance of the multiple correlation coefficients, the Fisher test is

used Eq.(7):

Fc =
n − b − 1

b
· R2

Y X1X2X3

1 − R2
Y X1X2X3

(7)

where b is the number of independent variables.

If the Fisher constant for the degree of freedom v1 = n-1 = 19 and k - 1 = 5 is higher

than the value from the statistical table (F tab = 6.59), it can be considered that the

independent variables have a significant importance on the dependent variable [4, 8].

The significance of coefficients was evaluated using the Student test, for certain sig-

nificance level and degrees of freedom [3, 8, 15]. The deviation of the calculated values

with the proposed model and experimental data must be between +10 and -10 for a good

accordance. The optimal values of independent variables are calculated using the classi-

cal optimization that considers the equations’ system formed by the first order derivates

equalized with zero, and discussion of existence or not of a maximum for these values

(e.g., sign and value of the second or superior order derivates).

3.2.3 Coefficients computation

The coefficients of the model were calculated using the relations from Table 4.

The values from statistical table of the Fisher test is F tab(α=99, ν1=n-1=19 and

ν2=k-1=2) = 4.6 and the calculated value is F 1= 424.5748 for Y 1 and F 2 = 507,4621

for Y 2.

Because F>F tab it results that the deviation of experimental values from the average

value is not the result of experimental errors, but is determined by the influence of

independent variables.

The equations of the model are expressed by Eqs. (8, 9):

Y1 = 91.123 − 6.616X1 + 4.837X2 + 3.778X3 − 3.867X2
1

−3.248X2
2 − 1.869X2

3 + 1.613X1X2 + 1.713X1X3 (8)

Y2 = 92.93 − 6.754X1 + 4.89X2 + 3.875X3 − 3.371X2
1

−2.628X2
2 − 1.461X2

3 + 1.525X1X2 + 1.575X1X3 (9)
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The correlation coefficients have the following values: RY 1X1X2X3 = 0.953 for Y 1 and

RY 2X1X2X3= 0.959 for Y 2 values close to unity. This fact demonstrates the important

influence of the independent variables on dependent variable.

The Fisher calculated values were found to be: F 1calc = 52.74 for Y 1 and F 2calc =

61.03 for Y 2. Comparing them with F tab = 6.59, found for degree of freedom ν1 = n-1 =

19 and ν2 = k-1 = 5, resulted in values higher than the value from the statistical table.

This fact demonstrates that the independent variables have a significant influence on the

dependent variable (Tables 7 and 8).

Testing the model coefficients by using the Student test leads to the conclusion that

X 2X 3 coefficient is insignificant for Y 1 and Y 2. The calculated deviations are between

+10 and -10 and a good accordance between experimental values and calculated values

exists (- 0,015 % for Y1 and -0.001 % for Y2).

3.2.4 Analysis of the mathematical models

The application of classical optimization method leads to the conclusion that these func-

tions (Y 1 and Y 2) have a maximum distinct point. For each functions, is calculated

the removal degree for turbidity and color into the maximum point. For Y 1 function,

the maximum point is X1* = -0.563, X2* = 0.605 and X3* = 0.753 corresponding to a

turbidity removal of 95.869 %. For Y 2 function, the maximum point is: X1* = -0.596,

X2* = 0.758 and X3* = 1.005 corresponding to a color removal of 98.741 %. Transposed

to real variables, these values correspond to a ferric ions concentration of 6.093 mg/L, a

polyelectrolyte dose of 0.651 mg/L, and a mixing time of 24.024 minutes for Y 1, and a

ferric ions concentration of 6.01 mg/L, a polyelectrolyte dose of 0.69 mg/L, and a mixing

time of 26 minutes for Y 2. The average deviation is of -0.015 % for Y 1, and of -0.001 %

for Y 2.

The analysis of the expression for Y 1 function (Eq. 8) leads to the conclusion that the

X 1 variable (ferric sulfate concentration, mg/L) exhibits the most important influence on

the treatment degree of turbidity. Also, the influence of polyelectrolyte dose is important,

fact demonstrated by the values of the coefficients X 2 and X 2
2. The influence of X 1

variable is almost 1.38 times higher than of X 2, and its effect contrarily, and almost of

1.43 times higher than X 3, and its effect contrarily.

Figs. 1, 2 and 3 show the dependence of the removal degree for turbidity on X 2 and

X 3 (X 1 = 0) variables, or X 1 and X 3 variables (X 2 = 0), or X 1and X 2 variables (X 3 =

0).

The analysis for expression of the Y 2 function (Eq. 9) leads to the conclusion that the

X 1 variable (ferric sulfate concentration. mg/L) exhibits the most important influence

on the treatment degree of color. Also, the influence of polyelectrolyte dose is important,

a fact demonstrated by the values of the coefficients X 2 and X 2
2. The influence of X 1

variable is almost 1.38 times higher than of X 2 and its effect contrary and almost 1.74

times higher than X 3. The X 2 and X 3 variables have a contrary effect.

Figs. 4, 5 and 6 show the dependence of the removal degree for turbidity on X 3 and

X 2 variables (X 1 = 0) or X 1 and X 3 variables (X 2= 0) or X 1and X 2 variables (X 3 = 0).



C. Zaharia et al. / Central European Journal of Chemistry 5(1) 2007 239–256 251

Table 7 Significance of the mathematical model for Y 1.

No.exp. X1 X2 X3 Y1(%) Y1calc (%) Deviation (%)

1 -1 -1 -1 84.5 83.5 -1.198
2 1 -1 -1 68.4 63.6 -7.547
3 -1 1 -1 86.4 89.9 3.893
4 1 1 -1 75.2 76.5 1.699
5 -1 -1 1 86.2 87.6 1.598
6 1 -1 1 75.4 74.6 -1.072
7 -1 1 1 89.6 94 4.681
8 1 1 1 86.8 87.5 0.800
9 -1.682 0 0 95.7 91.3 -4.819
10 1.682 0 0 66.3 69.1 4.052
11 0 -1.682 0 70.1 73.8 5.014
12 0 1.682 0 95.4 90.1 -5.882
13 0 0 -1.682 78.3 79.5 1.509
14 0 0 1.682 95 92.2 -3.037
15 0 0 0 92.1 91.1 -1.098
16 0 0 0 90.7 91.1 0.439
17 0 0 0 91.3 91.1 -0.220
18 0 0 0 88.2 91.1 3.183
19 0 0 0 90.9 91.1 0.220
20 0 0 0 93.4 91.1 -2.525
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Fig. 1 The dependence of Y 1 on the two variables X 2 and X3 (X1 =0): a) three-

dimensional; b) isolines.
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Fig. 2 The dependence of Y 1 on the two variables X 1 and X 3 (X 2 = 0): a) three-

dimensional; b) isolines.
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Fig. 3 The dependence of Y 1 on the two variables X 1 and X 2 (X 3= 0): a) three-

dimensional; b) isolines.
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Fig. 4 The dependence of Y 2 on the two variables X 2 and X 3(X 1= 0): a) three-

dimensional; b) isolines.
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Table 8 Significance of the mathematical model for Y 2.

No.exp. X1 X2 X3 Y2(%) Y2calc (%) Deviation (%)

1 -1 -1 -1 87.3 86.6 -0.808
2 1 -1 -1 70.7 66.9 -5.680
3 -1 1 -1 89.9 93.3 3.644
4 1 1 -1 78.3 79.7 1.757
5 -1 -1 1 89.7 91.2 1.645
6 1 -1 1 78.3 77.8 -0.643
7 -1 1 1 93.7 97.9 4.290
8 1 1 1 89.5 90.6 1.214
9 -1.682 0 0 98.9 94.8 -4.325
10 1.682 0 0 70.1 72 2.639
11 0 -1.682 0 74.3 77.3 3.881
12 0 1.682 0 98.9 93.7 -5.550
13 0 0 -1.682 81.6 82.3 0.851
14 0 0 1.682 98.2 95.3 -3.043
15 0 0 0 94.3 92.9 -1.507
16 0 0 0 93.1 92.9 -0.215
17 0 0 0 93.8 92.9 -0.969
18 0 0 0 91.4 92.9 1.615
19 0 0 0 90.6 92.9 2.476
20 0 0 0 94.1 92.9 -1.292
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Fig. 5 The dependence of Y 2 on the two variables X 1 and X 3(X 2= 0): a) three-

dimensional; b) isolines.



254 C. Zaharia et al. / Central European Journal of Chemistry 5(1) 2007 239–256

-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

Fig. 6 The dependence of Y 2 on the two variables X 1 and X 2 (X 3= 0): a) three-

dimensional; b) isolines.

4 Conclusions

A study of chemical wastewater treatment using the ferric sulfate and synthetic PONILIT

GT-2 anionic polyelectrolyte for removing of wastewater turbidity and color was per-

formed. Synthetic wastewaters with different colloid concentrations were prepared and

the coagulation-flocculation process followed by sedimentation and filtration was studied.

Variables concerning the chemical wastewater composition, mixing time, and the co-

agulant and flocculants dose are considered in order to appreciate the process efficiency.

The removal degrees of turbidity and color are important (> 80 %) and acceptable for

COD removal (< 50 %).

An empirical model was elaborated by a third order rotatable design 23 type, con-

sidering ferric ions concentration, polyelectrolyte dose and mixing time as independent

variables, while the turbidity and color removal efficiencies were chosen as optimization

criteria. The mathematical model was verified and found adequate, the average deviation

having value of -0.015 % for Y1 and -0.001 % for Y2, being within admissible limits of

deviation (±10 %).

The optimal values of independent variables were determined that corresponds to

a ferric ions concentration of 6.093 mg/L, a polyelectrolyte dose of 0.651 mg/L, and a

mixing time of 24.024 minutes for turbidity removal and to ferric ions concentration of

6.01 mg/L, a polyelectrolyte dose of 0.69 mg/L, and a mixing time of 26 minutes for color

removal.

An analysis of the model was performed in order to apply this process for efficient

chemical wastewater treatment, and to discuss the influence of variables on coagulation-

flocculation process followed by sedimentation and/or filtration. The model was found

adequate.
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[15] L. Taloi: Process Optimization from Metallurgy, Tehnică Press, Bucureşti, 1987.
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