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Efficiency of coagulation-flocculation process used for semiconductor wastewater treatment was improved by selecting suitable
conditions (pH, polyelectrolyte type, and concentration) through zeta potential measurements. Under this scenario the zeta
potential, 𝜁, is the right parameter that allows studying and predicting the interactions at the molecular level between the
contaminants in the wastewater and polyelectrolytes used for coagulation-flocculation. Additionally, this parameter is a key factor
for assessing the efficiency of coagulation-flocculation processes based on the optimum dosages and windows for polyelectrolytes
coagulation-flocculation effectiveness. In this paper, strategic pH variations allowed the prediction of the dosage of polyelectrolyte
on wastewater from real electroplating baths, including the isoelectric point (IEP) of the dispersions of water and commercial
polyelectrolytes used in typical semiconductor industries. The results showed that there is a difference between polyelectrolyte
demand required for the removal of suspended solids, turbidity, and organicmatter fromwastewater (23.4mg/L and 67mg/L, resp.).
It was also concluded that the dose of polyelectrolytes and coagulation-flocculation window to achieve compliance with national
and international regulations as EPA in USA and SEMARNAT in Mexico is influenced by the physicochemical characteristics of
the dispersions and treatment conditions (pH and polyelectrolyte dosing strategy).

1. Introduction

In the industrial wastewater treatment of semiconductors,
the most appreciated characteristic of polyelectrolytes (PE)
is their solid-liquid separation efficiency, with extensive
application in purification of drinking water, industrial raw
and process water, municipal sewage treatment, mineral
processing and metallurgy, oil drilling and recovery, paper
and board production, and so forth [1–9]. Polyelectrolytes
can be used alone or in association with other flocculant
aids, such as inorganics salts, surfactants, or even as a second
polymer. Compared with inorganic coagulants, there are

some advantages by using organic polyelectrolytes [1, 6, 7, 10,
11]: lower dose requirements, a smaller volume of sludge, a
smaller increase in the ionic load of the treated water, and
cost savings up to 25–30%.

It is well known that the efficiency of a certain polyelec-
trolytes in flocculation processes is evaluated as a function of
fourmain parameters: the optimumflocculant concentration,
which should be as low as possible; isoelectric point (IEP)
that determines the effective pH range; and the flocculation
window, which must be as large as possible [12]. To improve
the solid/liquid separation process, polymeric flocculants,
mainly polycations, have been used [1, 6–9]. The main
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disadvantage of flocculation with polymers is the very small
flocculation window, risking particles resuspension with few
dosage increases.

A number of studies have tried to solve this problem
by combining two or more oppositely charged polyelec-
trolytes that can be added one after another [13–16] or as
nonstoichiometric polyelectrolyte complexes (NIPECs) [17–
24]. In the first case, a combination of a low molecular
cationic weight and a high-molecular weight anionic polymer
produce synergism during flocculation.This system is known
as “dual flocculation process” [25]. For fine and ultrafine solid
suspensions, use of double flocculant systems seems to offer
a promising route for enhanced solid-liquid separation [25].
The dosing sequence, polymer size, and charge density all
affect flocculation significantly. Enhanced flocs form through
a combination of oppositely charged polyelectrolyte under
suitable condition [13, 14, 22, 26, 27].

The investigations on NIPECs flocculants, as colloidal
dispersions bearing positive or negative charges in excess,
which started with the preliminary studies of Kashiki and
Suzuki [17, 18] and were developed in the last years [19–
24], have been concentrated on the use of NIPECs with
molar ratio between charges ranged from 0.4 to 0.8. The
main advantage in flocculation induced by NIPECs is the
lower dependence on the concentration of the flocculants,
showing a substantially wider optimum concentration range.
Nevertheless, the optimum concentration required for floc-
culation with NIPECs was found to be higher than the
optimum concentration for flocculation with polycations.
Dual flocculation (sequential addition of two chemicals)
presents some advantages compared with single polymer
flocculant, as higher overall level of aggregation, less sensitiv-
ity to variations of polyelectrolyte concentration, good sludge
dewatering, superior retention, and shear-resistant flocs, and
so forth. All these issues improve control and optimization
maneuvers of the flocculation process.

As mentioned above, in the semiconductor assem-
bly industry the wastewater treatment system consists of
a coagulation-flocculation process in which anionic and
cationic polyelectrolytes are used to remove suspended solids,
organic matter, and cation content so that the effluent meets
the maximum permissible limits Pb 1 ppm, Ni 3.0 ppm, Cu
1.2 ppm, biochemical oxygen demand (BOD

5
) 60mg O

2
/L,

chemical oxygen demand (COD) 150mg O
2
/L, and total

nitrogen (TN) 25mg/L, prior to being discharged into the
municipal sewer system and/or turned to be reused as service
water in cooling towers, heat exchangers, and production.

One of the key stages in the production line of semi-
conductors is electroplating (EP). Its wastewater contains
high concentration of suspended solids, organic compounds,
and dissolved cation. Under these conditions, polyelectrolyte
dosing should guarantee the entire maximum permissible
concentration. Commonly operators in the wastewater treat-
ment plant are used to modifying any independent variable
as pH and PE dose to achieved the maximum allowable limit
in total suspended solids (TSS) and cation content; however,
the treated water is affected by another important parameter
as COD, total organic carbon (TOC), and BOD

5
.

In this work the authors decided to use real wastew-
ater coming from the EP process, considering this water
as the greater challenges for solid-liquid separation in the
semiconductor industry. First of all, traditional coagulation-
flocculation windows construction was followed with zeta
potential measurements as well as turbidity, TSS, COD, and
TOC to demonstrate that solid-liquid separation can be
predicted by zeta potential measurements and could help
to improve the coagulation-flocculation process efficiency,
knowing the optimal polyelectrolyte dosage and opening
a potential way for polyelectrolytes design ensuring low
environmental impact of polyelectrolyte overdose.

2. Experimental

The experimental work was made in three steps. The first
one was the characterization of electroplating rawwastewater
under the Mexican environmental regulations NOM-002-
SEMARNAT-1997 (Zn 1.2 ppm, Ni 3.0 ppm, Cu 1.2 ppm, Pb
1.0 ppm, TN 25mg N/L, TSS 60 ppm, COD 150mg O

2
/L, and

BOD
5
60mg O

2
/L), the second was to construct the pH-𝜁

diagrams allowed to establish different polyelectrolyte dosing
strategies, and the third constructs coagulation-flocculation
windows.

The experimental strategy followed to study the con-
ditions of coagulation-flocculation process was to examine
the profiles of pH and 𝜁 of commercial polyelectrolytes
used in assembly semiconductor wastewater treatment plant
(WWTPs). Once the isoelectric point of the coagulant and
flocculant was determined, as well as the sampled wastewater,
polyelectrolytes dosing was studied at different pH values. In
parallel the effect of using an interpolyelectrolyte complex
flocculation in the window was tested. Finally, the effect of
coagulant dose in the flocculation window by the dual floc-
culation process was performed. In Figure 1 the experimental
methodology to evaluate the physicochemical performance
of PE in coagulation-flocculation windows is resumed.

2.1. Materials. Polydadmac (OPTIFLOCC-1008) and floccu-
lant (Trident 27,506) are commercial polyelectrolytes used in
a semiconductor industry.

All reagents used in testing water quality (COD, TN,
TOC, and BOD

5
) were obtained from Hach as follows:

Digesdahl Hach (microKendahl digestion apparatus),
Hach Digital Reactor DRB200 (Digestor),
Denver Instrument pH UP-5 (Potentiometer),
DR/890 Hach (Colorimeter),
HQ40d Multi Hach (measuring equipment for dis-
solved oxygen and conductivity),
Dissolved Oxygen Meter (Luminescent Dissolved
Oxygen) LD0101-01 Probe,
Conductivity Meter CDC401-01 Probe,
Atomic Absorption Spectrophotometer GBC 932
Plus,
Zetasizer Nano-ZS, model ZEN3500.
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Figure 1: Experimental conditions for the physicochemical evaluation of polyelectrolytes used in coagulation-flocculation processes for
electroplating wastewater in semiconductor industry.

2.2. Methods

2.2.1. ResidualWater Sampling in the Assembling Semiconduc-
tor Industry. Thewastewater sampling protocol in the assem-
bling semiconductor industry was followed as recommended
by sampling Mexican standards (NMX-AA-003-1980).

2.2.2. Preparation of the Dispersion of Wastewater. The
wastewater dispersions were prepared diluting 5mL or raw
wastewater in deionized water using a volumetric flask of
50mL. Since the electroplating process is in continuous
operation and following a timetable protocol, the sampled
water content is considered as reproducible.

2.2.3. Preparation of NIPECs. Anionic NIPECs synthetic
solutions were prepared in relationships between 0.1 to 2mg
of cationic PE/mg anionic PE. Each solution was stirred
before 𝜁measurement.

2.2.4. Colloid Titration. Polydadmac 10 ppm was prepared
taking a certain amount of a solution of 1.28mM of polydad-
mac and diluting in 10mLwith distilled water in a volumetric
flask. The prepared solution was poured into a 20mL vial
and measured to be entitled initial zeta potential. Then a
certain amount of titrant solution 1.24mMpoly (vinyl sulfate)
potassium salt (PVSK) was added. Each solution was stirred
before measurement. Various additions of titrant were made
to reach the isoelectric point (turbidity appears in solution).

2.2.5. Micro-Jar Tests. A sample of 5mL of wastewater elec-
troplating process was diluted with 50mL of deionized water
into a volumetric flask. pH was adjusted (5, 7, and 9). A
second solution of wastewater with adjusted pHwas prepared
using a dilution factor of 0.5. The polyelectrolyte dosage tests
(micro-Jar tests) were performed in 20mL vials. Progressive
additions of flocculant solution 0.1093 g/L were done and
after each one, the vials were shaken for 2min and allowed
to settle for 2 more minutes. Finally, the supernatant was
suctioned to determine turbidity, 𝜁, TSS, TOC, and COD.

2.2.6. Analytical Techniques. Immediately, the samples were
tested for BOD

5
, COD, and TOC, five composite samples

were analyzed following the procedures and test methods
established byMexican standards (NMX-AA-028-SCFI-2001,
NMX-AA-030-SCFI-2001).

3. Results and Discussions

3.1. Characterization of Wastewater from Electroplating Pro-
cess in a Semiconductor Industry. The analysis of wastewater
from different process units, in the assembling semiconduc-
tor industry, showed that electroplating section is the more
challenging one. However, a detailed chemical composition
is uncertain due to the large amount of chemical mixtures
employed in the electroplating baths [28]. As shown inTable 1
electroplatingwastewater has a highCOD, turbidity, and total
dissolved solids as well as Pb and Sn concentration.
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Table 1: Characterization of electroplating wastewater.

Parameter ppm
Sn 4854
Pb 1044
Fe 683
TSS 4510
Turbidity (FAU) 2990
EC (mS/cm) 74
𝜁 (mV) 45
Size (nm) 346
Color Milky
pH 0.8
COD (mgO2/L) 1432
TOC (mgC/L) 125
BOD5 (mgO2/L) 30
TN (mgN/L) 50.6
Biodegradability (BOD5/COD) 0.04

Due to the fact that coagulation-flocculation processes
are used in the installed WWTPs, the key parameters to
follow-up are turbidity, TSS, and zeta potential (𝜁). All of
them are directly related to the stability of the suspended
solids. For raw wastewater 𝜁 = 45mV (pH = 0.8), indicating
the presence of positively charged particles suspended in
water and probably related to metallic cations adsorbed on
particles surface. For particles of 346 nm, longer sedimenta-
tion times are expected. Physical properties as turbidity and
TSS also indicate that raw wastewater is a stable dispersion.
Considering water properties, the solids separation using
coagulation-flocculation processes seems to require the addi-
tion of negative polyelectrolytes. However, the specific dose
is unknown as is the real effect of negative polyelectrolyte
addition on the solid separation. In this paper, traditional
coagulation-flocculation process is analyzed to determine the
optimal polyelectrolyte dose as well as the more suitable
pH condition to improve the efficiency and to diminish the
environmental impact caused by polyelectrolyte overdose.

3.2. Determination of the Isoelectric Point for the Electroplating
Wastewater. In the first stage (coagulation) suspended solids
were destabilized by changing the water pH until isoelectric
point is approached. A simple pH variation could be enough
to stabilize or destabilize dispersions. Moreover, the perfor-
mance of polymeric PE is influenced by the wastewater pH.
Thus, the pH value may control both polyelectrolyte charge
density and suspended particles surface charge. The isoelec-
tric point of the dispersion generated in the electroplating
process will be detected in a plot of 𝜁 versus pH.

Using the colloidal titration method (with 𝜁 as detection
point) the charge density (CD) of the anionic and cationic
PE (flocculant and coagulant) was determined: polydadmac
22meq/g and flocculant 5meq/g. These values confirm why
polydadmac is usually a coagulant due to its high charge
density, while the flocculant does not require high CD to
accomplish the solid agglomeration. In Figure 2, the plot 𝜁
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Figure 2: Electrokinetic properties of the dispersion of wastewater
from electroplating, 20.8 ppmpolydadmac, and 21.9 ppmflocculant.

versus pH shows the CD variation for suspended particles in
wastewater, as well as the proper pH to achieve the isoelectric
point. In the same plot, it can be observed that polydadmac
does not reach an isoelectric point and flocculant has one at
very low pH. This result implies that at pH > 5, flocculant is
expected to be very efficient, while polydadmac is effective
at pH < 10 (diminish of its CD is certainly due to the
ammonium hydrolysis).

To corroborate the eye observable phenomena (TSS) with
the interfacial phenomena (zeta potential) and nanoscale
particle diameters, different combinations were studied and
are presented below. Further studies were conducted to
analyze the influence of PE dosage with organic matter
content (COD and TOC).

The coagulation-flocculation experiments are generally
divided into two parts: single flocculation (optimum condi-
tion for operation using only one PE) and dual PE floccula-
tion.

3.3. Single Flocculation (A). pH adjustment was used to reach
the isoelectric point (pH 7); however, the settling kinetics
was too slow and the flocculant addition was needed. Even if
turbidity and TSS are the most common physical properties
that guide the water clarification, they are not recommended
for controlling dosage or investigate the source of an opera-
tion problem. To show this fact, in Figure 3 turbidity (FAU),
TSS, 𝜁, electric conductivity, TOC, and COD were plotted as
a function of flocculant dosage in single flocculation of the
neutralized wastewater. In these plots three main regions are
identified: low dose, where at the flocculant concentration in
the residual water does not allow the wastewater clarification;
the optimal dose region, which corresponds to the optimum
flocculant concentration for the total removal of TSS and
turbidity; and the overdose region, indicating flocculant con-
centrations that cause stabilization of the dispersed particles
and have an adverse effect on the quality of treated water.
The magnitude Figure 6 of TSS and turbidity is the same
(thousands) indicating that the generation of turbidity and
TSS is due to the same cause.



Journal of Chemistry 5

0 10 20 30 40
0

1000

2000

3000

4000

5000

0

10

500

1000

1500

 T
SS

 (m
g/

L)

FA
U

Flocculant dose (mg/L)

Region 
overdose

0
500
1000
1500
2000
2500
3000

15

30

45

60

75

 E
C 

(m
S/

cm
)

120

140

160

180

200Low dose region
Optimal 

dose

CO
D

 (m
g 

O
2/

L)
𝜁

(m
V

)

TO
C 

(m
g 

C/
L)

−10

−20

Figure 3: Turbidity, TSS, 𝜁, EC, COD, and TOC of the supernatant
in the single flocculation at pH 7 with flocculant.
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Figure 3 indicates that at low dosages (2 and 13mg/L)
of flocculant, the 𝜁 potential is approximately 8mV and
the turbidity is high (2587 FAU). At the point where the 𝜁
potential value becomes −0.7mV (15.6 ppm flocculant), the
turbidity is at an absolute minimum. After this point in
nearly obtaining a zero charge and turbidity, further addition
of flocculating agent now reverses and increases the charge
of the contaminating material (𝜁 = −16.3mV and turbidity
= 2630 FAU) and therefore restabilizes these particles in
the water. In this region of overdose, the polyelectrolyte
in excess causes the adsorption of polyelectrolyte chains
onto the stable particles in suspension, having an adverse
effect on water quality. This is observed by increasing the
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Figure 6: Proposed mechanism for the formation of NIPECs.

turbidity and suspended solids as zeta potential become
more negative. The shift of the value of 𝜁 is due to the
negative charge of the flocculant. Electric conductivity of
water remains virtually constant after the first additions
of flocculant. For the range between 2 and 13mg/L, the
supernatant has small but positive zeta potential (8mV).
Figure 3 also shows the variation in the TOC and COD
content in the supernatant. It is noted that since the first
dose of flocculant (2 ppm) COD at 1500 decreases to a value
of 380 ppm, subsequently, a gradual COD decrease occurs
with increasing flocculant dose until the optimal dose of
15.6mg/L.

It is also noted that the TOC is almost constant in the
interval of the flocculation window. At the point of optimum
flocculant dose (15.6mg/L) the supernatant has a COD
equal to 122mg O

2
/L and TOC equal to 119mgC/L, which

indicates that the treatment applied do not remove residual
organic matter. Figure 4 shows the rate of sedimentation of
suspended solids in each dose of flocculant. The relationship
between flocculant dose and sedimentation speed presents a
maximum. In the region of overdose, the sedimentation rate
decreases by restabilization of the suspended solids.
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3.4. NIPECs Simple Flocculation (B). Various materials have
been developed in recent years for coagulation and floc-
culation purposes, as inorganic-based coagulants, organic-
based flocculants, and hybrid materials [29]. The continuous
increase ofmarket needs formore efficient and effectivemate-
rials in wastewater treatment has induced the development of
hybrid materials for coagulation-flocculation of wastewater.
Hybrid materials thus have emerged as new materials that
pose tremendous potential in treating wastewater due to
their better performance compared to that of conventional
inorganic-based coagulants and its lower cost than that of
organic-based flocculants [30].

Due to the synergetic effect of hybrid components in one
material, hybridmaterials hence pose a superior performance
than that of individual component [31–33]. Compared with
individual coagulant/flocculant, hybridmaterials, which have
combined functional components into one prescription,
would be a convenient alternative material for the operation
of wastewater treatment facilities since the whole wastewater
treatment can be conductedwith the addition of one chemical
and in one tank instead of two unit operations in the
conventional coagulation-flocculation system. Reduction of
operation time as a result of the application of these hybrid
materials in a single operation is favorable to the industries
that are discharging large volumes of wastewater [34].

Within the hybrid materials currently used to improve
coagulation-flocculation processes are the nonstoichiometric
polyelectrolyte complexes (NIPECs).

Figure 5 shows the variation of 𝜁 and size of the col-
loidal particles formed according to the relationship mg
polydadmac/mg flocculant. It can be seen that the zeta
potential becomes more positive as the amount of cationic
polyelectrolyte increases, while the size remains constant as
far as mg polydadmac/mg flocculant varies from 0.9 to 1.5.
At ratios greater than 1.6, the colloidal particle size increases
suddenly. The colloidal particles obtained in a ratio of 1.7 are
neutral and have a size of 1.5 microns, and at this point the
isoelectric point is reached. Interpolyelectrolyte complexes
formed in ratios greater than 1.8 have a size of 2mm and
an excess of positive charge is reflected by the zeta potential
value of 15mV. During all these experiments, the dispersions
characteristics remained constant indicating that changes
of 𝜁 and particle size variations were due to the NIPECs
concentration and not for agglomeration kinetics.

3.4.1. Proposed Mechanism for the Formation of NIPECs.
Taking into account the DLS and 𝜁 potential results, a
mechanism in four steps has been assumed and presented in
Figure 6.

In the first step, the added polydadmac interacts with
flocculant chains leading to the primary aggregates, which,
taking into account the differences in the flexibility of the
complementary polyions and the mismatch of charges, may
contain more flocculant chains connected by fewer polydad-
mac chains; such aggregates would have a high density of free
negative charges compensated with small counterions, not by
polydadmac charges.
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Figure 7: Turbidity, TSS, 𝜁, EC, COD, and TOC of the supernatant
in the single flocculation at pH 7 with NIPECs.

The further addition of polydadmac (step II, Figure 6) led
to the step-by-step neutralization of the negative charges of
flocculant included in the primary aggregates, accompanied
by rearrangements of chains and the formation of more com-
pact particles with lower sizes. This assumption is supported
by the monotonous decrease of the particle sizes found by
DLS measurements with an increase of the mass ratio mg
polydadmac/mg flocculant up to about 0.9.

For the polyion pair investigated in this work, it was
observed by both DLS and 𝜁 potential (Figure 6), that
for a dose ranging from 0.9 up to 1.5mg polydadmac/mg
flocculant, the particle size remained almost constant (step
III, Figure 6). It seems that the ratio of charge of about 1.7 is
critical for these systems, because an abrupt increase of the
particle sizes (secondary aggregation) and decrease in 𝜁 were
observed after this ratio (step IV, Figure 6).

Taking acount the results discussed above, NIPECs were
prepared at a ratio of 1.5mg polydadmac/mg flocculant with
the following characteristics: particle size 132 nm and 𝜁 =
−25mV. The formed complexes were used as a new floccu-
lant in destabilizing the dispersed solids of the wastewater
from electroplating process. Figure 7 shows the variation of
residual TSS and 𝜁 in the supernatant according to NIPECs
dose (mg/L). The dispersion of NIPECs is more effective
in removing suspended solids and has a wider flocculation
window (24mg/L to 35.6mg/L of NIPECs) compared with
the pure flocculant. NIPECs dose required (greater than
41mg/L) for the restabilization of dispersed particles, in
which the value is 𝜁 = −8.6mV, is higher in comparison with
the dose of flocculant in system (A) (see above).
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Figure 8: Turbidity, TSS, 𝜁, EC, COD, and TOC of the supernatant
in the single flocculation at pH 5 with flocculant.

At a dose of 6mg/L of NIPECs, COD is reduced from
1558 to 360mg/L and decreases more in a range between 18
and 35mg/L COD, while TOC is kept constant. The lower
COD value of 132mg/mL is achieved with a dose of 35mg/L
of NIPECs. At doses greater than 41mg/L of NIPECs the
restabilization of dispersed solids is induced. Again TOC
increased corresponding to the increase in the concentration
of residual NIPECs (see Figure 7).

3.5. Single Flocculation at pH < IEP (C). The residual water at
pH 5 has positive 𝜁 = 11mV. At this pH flocculant has higher
charge density (Figure 2). Figure 8 shows the variation of TSS
content in the supernatant as a function of the flocculant
dose. It is observed that in the region of overdose, the increase
of dispersed solids has a smaller slope compared with the
restabilization region of the single flocculation at pH 7 (A).
The optimal dose corresponds to 33.5mg/L of flocculant,
greater than case (A). The flocculation window was between
33.5 and 40 ppm of flocculant.

3.6. Dual Flocculation (D). The residual water at pH 9 has
𝜁 = −28mV. Therefore, the addition of flocculant at this pH
has no meaning because the flocculant provokes repulsive
interaction that restabilizes particles. Since at pH 9 the
maximum cation removal is achieved, it was decided to
perform the process of coagulation using the polydadmac.

In this case, the 𝜁 variation versus polydadmac dose
confirms the proper performance of the dual flocculation
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Figure 9: Effect of dose of polydadmac in 𝜁 and EC the supernatant
of the wastewater.

process, wherein the optimum condition of the coagulation
step is achieved with a dose of 162mg/L. Complementary,
Figure 9 shows the EC and 𝜁 of the resulting supernatant
for each dose of polydadmac. It is noted that the dosage of
polydadmac decreases the surface charge of the dispersed
particles and the isoelectric point is reached at 162mg/L of
polydadmac. At doses greater than 162 ppm, inversion of
surface charge of the dispersed particles was observed. The
addition of polydadmac in the coagulation step causes a
decrease in the EC; this is attributed to the removal of the
anions present in the water that interact with positive sites in
the quaternary polydadmac chains (Figure 9).

The next step after finding the optimal dose of polydad-
mac is the addition of flocculant. Figure 10 shows that a dose
of 3.8mg/L of flocculant reduced COD from 1432mg/L to
380mg/L, whereas the TOC remains constant. Increasing
flocculant doses progressively reduces the COD. At 18.8mg/L
TOC decreased to 119mg/L.

At a dose of 26.4mg/L of flocculant, which corresponds to
the optimum dose for the removal of TSS, TOC decreased to
115mg/L. In the range of 26.4mg/L to 67mg/L of flocculant,
TOC decreasedmarkedly; it is noteworthy that in this dosage
range metal content decreased to comply with regulations.
At the dose of 67mg/L the maximum TOC and COD
attaint 45mg/L. The dose of 77mg/L of flocculant has an
adverse effect on water quality, observed in increasing TSS
and cations; this overdose of flocculant causes the increased
value of 𝜁, COD, and TOC. The increase of COD is mainly
attributed to the redispersion of solids corresponding to
the inorganic material, while increasing TOC is attributed
to increased residual flocculant concentration in solution
(organic matter).The coagulation-flocculation process under
described conditions removed OM up to 37%.

3.7. Comparison of Flocculation Windows. A resume of all
four strategies tested with wastewater from electroplating
section in an assembly semiconductor industry is reported
in Table 2. Results indicate that flocculation windows are
determined not only by pH value but also by the combination
of commercial PE doses and addition sequence.
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Table 2: Comparison of the dose and optimal flocculation windows.

Treatment system pH Optimal dose (ppm) Flocculation window (ppm)
(A) Single flocculation 5 33.5 33.5 to 40.2
(B) Single flocculation 7 15.6 15.6 to 20.1
(C) NIPECs flocculation 7 23.7 23.7 to 35.6
(D) DUAL coagulation 9 162 26.4 to 67
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0 10 20 30 40 50 60 70 80 90
0

1000

2000

3000

4000

0

300

600

900

1200

 T
SS

 (m
g/

L)

FA
U

Flocculant dose (mg/L)

Region 
overdose

0

1000

2000

3000

4000
0

5

10

15

20

 E
C 

(m
S/

cm
)

60

90

120

150
Low dose region

Optimal 
dose

CO
D

 (m
g 

O
2/

L)
𝜁

(m
V

)

TO
C 

(m
g 

C/
L)

−10

−20

−30

Figure 10: Turbidity, TSS, 𝜁, EC, residual COD, and TOC of the
supernatant in the dual flocculation at pH 9 using polydadmac and
flocculant.
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Finally, Figure 11 presents the comparison of all floccu-
lation windows. This representation is useful to select the
ranges of flocculant doses under different pH conditions and
additions strategies. Analysis of 𝜁 potential versus coagulant
dosage results is used to evaluate the effectiveness of various
polyelectrolytes. Knowledge of 𝜁 potential is important to
adjustment of coagulant dosage levels periodically in order
to minimize the cost of chemicals for wastewater treatment.

It was observed that at pH 5 the optimum dose is
33.5mg/L and the flocculation dosage window is very short
33.5 to 40.0mg/L of flocculant. The single flocculation win-
dow at pH 7 using the flocculant is much shorter (15.6 to
20.0mg/L) than at pH 5; the redispersion zone is steeper
than flocculation at pH 5. The optimal dose of flocculant at
a pH of 7 is lower by 50% than that required for the simple
flocculation at pH of 5. Flocculation window obtained in
simple flocculation process at pH 7 using NIPECs is flattened
compared to the previous two, and since the first dosage of
NIPECs considerably a decreased in turbidity is achieved.

Flocculation window corresponds to NIPECs that is
24.0mg/L to 35.6mg/L, which is much wider than a pH of
5 and 7 using only the flocculant.

The flocculation window in wastewater treatment by dual
flocculation at pH 9 is displaced to higher flocculant dose
(26.4mg/L to 67.0mg/L of flocculant). Unlike using NIPECs
flocculation window, over 8.1 ppm interpolyelectrolyte com-
plex is required to achieve approximately the same %RT
compared to the optimum dose of the flocculant used in the
simple flocculation at pH 7.

4. Conclusions

The construction of a pH-𝜁 curve for wastewater, cationic
PE, and anionic PE is the first step previous to selecting PE
type and dose in a coagulation-flocculation process as those
used in the semiconductor industry. This type of plot allows
identifying the isoelectric point for each polyelectrolyte and
wastewater. The flocculant has its isoelectric point at a pH of
2.5, at which pH > IEP interacts with the dispersed particles
with positive surface charge.

Measurement of COD, TOC, TSS, and turbidity during
the coagulation-flocculation windows construction allowed
determining the separation efficiencies and the environ-
mental impact. Zeta potential measurements served as a
physicochemical evidence of the coagulation-flocculation
efficiency in micro-Jars experiments.

At the pH value of 7, the flocculation window is 15.6 to
20.1 ppm and any higher flocculant dose at 15.6 ppm, due
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to the fact that the high charge density of polyelectrolyte
has a negative effect on the efficiency of removal of metal
hydroxides formed by the restabilization of suspended solids.

The use of the flocculant to pH 5 in the removal of
suspended particles is effective but requires a much higher
dose (33.5 ppm flocculant) compared to a required pH of
7 (15.6 ppm flocculant), due to the decrease of the charge
density of the flocculant with respect to pH.

The main advantage of NIPECs is the substantial exten-
sion of the flocculation window. However, the optimal
NIPECs concentration required for flocculation is higher
(23–35 ppm NIPECs) than that required when using the
flocculant only. The complexes formed in a ratio of 1.5mg
polydadmac/mg flocculant were tested in the destabilization
of the dispersion of residual water. The NIPECs flocculants
are more effective than single anionic polyelectrolyte; the
critical concentration for restabilizing suspended solids is
much larger for NIPECs (35 ppm).

The wastewater treatment by dual flocculation at pH 9
(162 ppm corresponding to PIE polydadmac residual water
and 67 ppm of flocculant) manages content efficiently to
remove turbidity, organic matter, and suspended solids up to
37%.

Every single flocculation system addition (flocculant or
NIPECs) had the effect of diminishing COD, achieving
125mg O

2
/L for the optimal dose of each system. Complete

removal of TSS and turbidity is achieved at the optimal dose
of polyelectrolyte, while TOC remained roughly constant at
120mg C/L.
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