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a b s t r a c t
The widespread use of anionic surfactant linear alkyl sulfonate (LAS) and zinc oxide nanoparticles 
(nano-ZnO) makes it possible for both compounds to coexist in aquatic environments. Along with 
the effect of LAS on chemical coagulation, this study shows the importance of LAS on aggrega-
tion, sedimentation, zero charge point (ZCP) and removal of nano-ZnO in the coagulation process 
using tannin and FeCl3 as primary coagulants. The results showed that at concentrations above 
100 mg L–1, LAS negatively influenced the aggregation and sedimentation of nano-ZnO. On the 
other hand, surfactant did not significantly interfere with the ZCP of nano-ZnO, with both coagu-
lants, showing better results when submitted to the pH coagulation process near the obtained ZCP. 
Increasing the LAS concentration significantly influenced the efficiency of the coagulation process, 
showing that at concentrations of 300 mg L–1, the removal efficiency dropped below 5% at different 
pH values. In summary, this study may contribute demonstrating that the presence of LAS can alter 
the behavior of nano-ZnO and significantly reduce the efficiency of the coagulation process.

Keywords:  Linear sulfonate alkylbenzene; Zinc oxide nanoparticles; Aggregation; Chemical 
coagulation

1. Introduction

The growing demand for water resources has raised seri-
ous concerns due to the effect of unknown contaminants in 
the long term, as thousands of artificial chemicals are cur-
rently used and there are different ways in which these con-
taminants can enter aquatic and terrestrial environments 
[1–3].

Many of these pollutants, such as linear alkyl sulfon-
ate (LAS) surfactant and emerging zinc oxide nanoparticles 
(nano-ZnO), enter the environment, disperse and persist to 
a greater extent than predicted, leading to the high possibil-
ity of the coexistence of these two compounds in the water 
environment [3–6].

LAS is an anionic surfactant of great production due 
to its industrial, domestic and commercial employment. 

It is the active ingredient of most detergents due to its per-
formance of functions such as emulsification, detergency, 
and wetting [1,7,8].

Nano-ZnO, because it is a versatile material, has sev-
eral morphologies and meets the most varied applications, 
such as photodegradation, electronic and optoelectronic 
industries, manufacture of rubbers, glasses, plastics, zinc 
source for food industries, anti-bactericidal, cosmetics, 
and wide application in solar filter production, due to its 
excellent UV absorption and reflective properties [9–12].

Chalew et al. [13] reported that although removed by 
conventional and advanced treatment, NPs such as silver, 
titanium dioxide (TiO2) and zinc oxide (ZnO) were detected 
in post-treatment water, exposing the need to consider these 
NPs as emerging contaminants of drinking water to deter-
mine appropriate processes to be applied for their removal.
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The systematic emission of residual LAS in the nat-
ural environment, due to its high world production and 
use in various applications, occurs through direct or indi-
rect discharges of urban and industrial wastewater, and its 
concentration varies in surface waters, sediments and dry 
mass of treated sludge [14,15].

According to the European Union Technical Guidance 
Document (TGD), concentrations above 0.27 mg L–1 LAS 
are considered relevant for environmental risk assessment 
because they cause toxic effects to aquatic and terrestrial 
ecosystems, so they need to be monitored [8].

Resolution No. 357 of the National Council for the 
Environment in Brazil [16], which determines guidelines 
for the classification of water bodies and establishes the 
conditions and patterns of effluent release, establishes that 
the maximum limit for the concentration of tensoactive 
substances that react to methylene blue is 0.5 mg L–1 LAS 
in freshwater and 0.2 mg L–1 LAS for saline and brine water.

From another perspective, Consolidation Ordinance 
No. 5 of the Ministry of Health of Brazil [17] establishes the 
maximum permissible value of 0.5 mg L–1 surfactant (such as 
LAS), for water potability.

On the other hand, nano-ZnO does not have specific reg-
ulations, and it is still necessary to manage the risk of these 
nanomaterials and their concentrations, given the tendency 
to increase the potential for the release of these nanoparti-
cles to the environment, given their variety of applications 
and widespread consumption [10,18–20].

In the aquatic environment, the aggregation of nanopar-
ticles results from the interaction between the surface of 
the nanoparticles and the components of the water and is 
strongly influenced by several factors, such as salinity, solu-
tion, surface chemistry, concentration of suspended parti-
cles and pH, especially where the nanoparticles approach 
their zero-load point pH (ZCP) [21].

Thus, the coexistence of nanoparticles, once released 
into the aquatic environment, with other preexisting con-
taminants is inevitable, and their interaction alters their 
properties (particle size, surface load, structure), presenting 
systemic effects on their toxicity [22,23].

In 2018, Khan, studying the coagulation of ZnO parti-
cles, reported that not only do nano-ZnO coexist with other 
components but also interact with them in different ways in 
the same system, and surfactants are more likely to coexist 
with nano-ZnO [23]. Zhou et al. [24] studied the removal 
of microplastics using polyaluminum chloride (PAC) and 
FeCl3 coagulation in 2021, obtaining better results in alka-
line conditions. You et al. [25] studied the application of PAC 
and cationic polyacrylamide for the removal of nano-ZnO 
particles in 2021 with efficiencies of 98.5% and 99.17% in 
pure-water and kaolin environments, respectively.

Godinez and Darnault [26] sustained that surfactants 
can adsorb nanoparticles and affect solubility and transport 
in porous media, altering their electrostatic, hydrophobic 
and sterile behavior, as well as affecting their interaction 
forces. Li et al. [6,27] demonstrated that several functional 
groups of surfactants are adsorbed on the surface of nano-
ZnO, increasing colloidal stability and the release of Zn2+ 
ions in water bodies. The modification of the properties of 
NPs, when in dissolution, affects the process of chemical 
coagulation.

As chemical coagulation is a largely used technique for 
improving suspended solids sedimentation and phospho-
rous removal, the widespread presence of surfactant com-
pounds in water and wastewater can lead to detrimental 
effects related to surface physicochemical interactions and 
steric resistance [28].

Exploring the effects of surfactant LAS on nano-ZnO 
and their physical-chemical properties, as well as perform-
ing an evaluation during the coagulation process, can lead 
to a greater understanding of the coexistence of these two 
contaminants in the aquatic environment.

Some studies have been conducted focused on the 
removal of nanoparticles (NPs) [4,6,10] from aqueous 
matrices, however few have been directed to assess their 
coagulation in the presence of surfactants [29]. Thus, the 
objective of this work was to study the influence of the 
anionic surfactant LAS (C12), known commercially as 
sodium dodecyl benzene sulfonate, on the aggregation 
and sedimentation and on the efficiency of the chemical 
coagulation process of ZnO nanoparticles. In particular, 
the effect of LAS on the sorption capacity and stability of 
nano-ZnO in various pH ranges was analyzed, as well as 
the interference of LAS in the removal of NPs by chemical 
coagulation.

Our results will permit us to extend the investigation 
directed toward the definition of threshold values of LAS 
concentration to prevent its deleterious effect, and they will 
also encourage the implementation of techniques for the 
removal of ionic or nonionic surfactants from water and 
wastewater.

2. Materials and methods

2.1. Experimental approach

The experiments were conducted to obtain the results of 
the effect of LAS on the coagulation of nano-ZnO by means 
of the experimental setup described in Fig. 1. Briefly, stock 
suspensions with different concentrations of ZnO were 
prepared and tested to obtain coagulation data and to con-
duct tests to obtain ZCP. Different LAS, tannin and FeCl3 
concentrations were applied to obtain consistent results.

2.2. Chemical reagents

99% pure zinc oxide nanoparticles (neon) and sodium 
dodecyl benzene sulfonate (SDBS) (neon) were purchased 
from local suppliers.

To correct the pH and in the coagulation-flocculation 
process, hydrochloric acid (neon), sodium hydroxide (neon) 
and sodium bicarbonate (neon) were used. Two types of 
coagulants (inorganic and organic) were used in the com-
parative order, hexahydrate iron chloride (III) and tannin 
(Tanfloc SG).

2.3. Preparation of stock suspensions

Initially, 0.5 g of ZnO nanoparticles was dispersed 
in 1 L of ultrapure water and then submitted for 30 min 
to an ultrasonic bath (Q335D, 40 kHz, Quimis, Brazil) 
with the purpose of deagglomerating and dispersing the 



249D.B. Guimarães et al. / Desalination and Water Treatment 248 (2022) 247–258

nanoparticles, facilitating sample homogenization. The 
1.0 g L–1 stock solution of LAS, and coagulants, 0.1 M (FeCl3) 
and 0.1 M tannin (tanfloc SG) were prepared by dissolu-
tion in ultrapure water. All stock solutions were kept under 
refrigeration up to 6°C in a dark bottle before being diluted to 
their required concentration in the experimental phase.

2.4. Effect of surfactant concentration on the aggregation 
and sedimentation of nanoparticles

The experiments consisted of diluting the stock sus-
pensions of nano-ZnO to two different concentrations, 
50 and 100 mg L–1 and subjecting them to surfactant con-
centrations from 0 to 300 mg L–1, concentrations already 
found in the natural water matrix and in municipal and 
industrial wastewater treatment plants [30–33].

The sedimentation process of ZnO aggregates was mon-
itored through optical absorption by means of an UV–Vis 
spectrophotometer (DR 5000, Hach) using a 10 mm quartz 
cubette in a 378 nm wavelength, which according to Zhou 
and Keller [34] corresponds to the best peak absorption 
of zinc oxide in the spectrum.

The results of each suspension were recorded for 24 h, 
and the first 4 h were measured hourly. The sedimenta-
tion of the ZnO aggregate was expressed by means of the 
C/Co relation, where Co is the initial absorbance and C is 
the absorbance recorded at different time intervals during 
the experimental period. All determinations were made in 
triplicate.

Allen et al. [35] and Allen et al. [36] modeled solid sed-
imentation using first-order decay equations when study-
ing sediment behavior in urban drainage systems (2014) 
and flooded areas (2015). They concluded that the use of 
the first-order decay constant k is an effective parame-
ter for studying in detail the behavior of solid sedimen-
tation. In cases where at the end of the study period, the 
decay was close to zero, Eq. (1) was used, whereas when 

a residual concentration of ZnO remained in the liquid 
medium, Eq. (2) [37,38] was used.

C C eo
k t= − .  (1)

C C C C er o r
k t= + −( ) ⋅ − ⋅  (2)

2.5. Measurement of the zero charge point of zinc oxide 
nanoparticles

As nanoparticles in the aqueous phase can be stabilized 
by electrostatic forces, pH control was applied to influence 
the surface load and, therefore, the formation of aggre-
gates or clusters. Thus, the effect of LAS concentrations on 
nano-ZnO was analyzed in the ZCP. The methodology used 
was based on the 11-point method, and all values were 
measured in triplicate [39].

The experiment consisted of suspending the concentra-
tions of nano-ZnO in aqueous solutions with varying con-
centrations of LAS (0–300 mg L–1) and subjecting them to 
different initial pH values (range 2.0–12.0) adjusted with 
HCl (0.1 M) and NaOH (0.1 M) solutions and maintained 
under agitation during the period from 24 h to 140 rpm.

With the variation of the pH of these solutions, it can 
be verified that at a certain pH of the initial solution, the 
variation between the pH of the initial suspension and the 
final pH (pH deviation) is zero. This is the indicative pH 
of the ZCP. Thus, the ZCP of each solution was obtained 
by calculating the mean between the points at which this 
deviation tended to zero.

2.6. Chemical coagulation of zinc oxide nanoparticles

The last stage of the work was characterized by the 
coagulation test by means of a jar tester (Policontrol, Floc 

 
Fig. 1. Experimental setup for data obtention and analysis.



D.B. Guimarãe et al. / Desalination and Water Treatment 248 (2022) 247–258250

control II model) under conditions of rapid mixing, slow 
mixing and sedimentation [27,40].

Briefly, two concentrations of nano-ZnO (50 and 100 
mg L–1) to compare the performance of these concentrations 
in the coagulation process. For each jar, LAS concentrations 
varied from 0 to 300 mg L–1. In all, there were 72 samples 
for the coagulation assay under different concentrations of 
nanoparticles, different pH values (4.0, 7.0 and 10.0), dif-
ferent concentrations of surfactant and the use of organic 
and inorganic coagulants.

The optimal dosages for both coagulants, FeCl3 and 
tannin, were determined to be in the range between 0 and 
10 mg L–1, and the pH of the solutions was adjusted using 
HCl (0.1 M) and NaOH (0.1 M).

After preparation of the samples, before starting the 
coagulation process, 3 mL aliquots were collected, and the 
initial absorbance of the NPs in the spectrophotometer was 
determined using a wavelength of 378 nm, as described 
previously.

The jar tests were divided into three phases: (1) rapid 
mixing to start coagulation for 2 min at 200 rpm, (2) slow 
mixing to promote the encounter of destabilized particles for 
20 min at 40 rpm and (3) sedimentation for 30 min [27,40].

After sedimentation, aliquots of 3 mL were collected 
for the purpose of reading the final absorbance of the NPs.

3. Results

3.1. Effect of surfactant on aggregation and 
sedimentation of zinc oxide nanoparticles

The influence of different LAS concentrations under 
two distinct concentrations of nano-ZnO was observed 
with a spectrophotometer for 24 h and is shown in Fig. 2. 
As shown in Fig. 2A and B, the samples that did not have 
the presence of the surfactant presented a reduction of 
more than 50% of the ZnO aggregates at the first hour of 
the assay. This rapid agglomeration coincides with results 

in previous studies that indicated that it is common for 
nanoparticles when hydrated to cluster and form flakes 
that sediment at a higher speed, since they move quickly 
and randomly due to the effect of Brownian movement 
[6,29,32]. Thus, particles with the same molecular geom-
etry form aggregates with higher volumes, showing a 
significant effect on their sedimentation rates [40,41].

However, when the surfactant was added to the sam-
ple, it was already possible to note that the sedimentation 
rate of the nanoparticles decreased as the LAS concentra-
tion increased. The results were even more significant at 
concentrations of 100 mg L–1 of the surfactant when com-
pared to the samples absent from it. Fig. 2A and B clearly 
show the late sedimentation behavior of these nanoparticles 
in the presence of 300 mg L–1 of LAS, and at the end of the 
24 h, more than 15% of the nano-ZnO was in suspension. 
Anionic surfactants, due to the presence of ionic groups, 
have a greater possibility of stabilizing a suspension con-
taining nanoparticles; once adsorbed in the nanoparticles, 
they can alter their electrostatic, steric and hydrophobic 
interactions, dispersing and stabilizing them [6,21,40,42].

Additionally, in Fig. 2 it can be observed that in sam-
ples containing 100 mg L–1 of ZnO nanoparticles, the sed-
imentation rate in relation to time was higher than that of 
the 50 mg L–1 of the nanoparticles, which is explained by 
the fact that the increase in the concentration of NPs con-
sequently increases the ionic forces, facilitating their aggre-
gation and consequently their sedimentation due to the 
tendency of aggregation through the electrostatic, steric 
and van der Waals forces [21,26,43].

The experiment presented in Fig. 2B, due to the addi-
tion of 300 mg L–1 of LAS, the system showed a different 
behavior, since the increase in the concentration of nanopar-
ticles correlated with an increase in surfactant increased 
LAS absorption in NPs, increased the stability of the sus-
pension and prevented the sedimentation process. Charge 
reversion can explain this behavior, which is consistent 
with the results of a study in which Li (2017) states that 

 

(A) (B)

Fig. 2. Effect of surfactant on the sedimentation of zinc oxide aggregates: (A) 50 mg L–1 NPs ZnO and (B) 100 mg L–1 NPs ZnO.
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functional groups present in surfactants can be absorbed 
on the surface of NPs and hinder the phenomenon of 
sedimentation, as it alters the physical-chemical prop-
erties of NPs, increasing the stability of NPs in aqueous  
media [6].

Godinez and Darnault [26] in their work with tita-
nium dioxide nanoparticles demonstrated that the size of 
TiO2 aggregates in dispersions containing surfactant was 
smaller, since by absorbing on the surface of nano-TiO2, 
the surfactants caused electrical repulsion between the 
nanoaggregates, preventing further aggregation and the 
increase in particle size. Them concluded that the results 
of this study demonstrated that the surfactant LAS nota-
bly affected the aggregation and sedimentation behavior 
of ZnO nanoparticles. Thus, surfactants can significantly 
alter the transport and destination of nano-ZnO in the envi-
ronment, as well as their interaction with contaminants 
present in it [40,43].

The results obtained from the modeling of sedimenta-
tion according to first-order and first-order equations with 
residuals are presented in Table 1. The graphs that gave 
rise to these parameters are shown in Figs. 3 and 4.

The variation in the kinetic coefficient k as a function 
of the increase in LAS applied in the jars is shown in Fig. 5.

Fig. 5 shows that the effect of LAS was significant even 
in the sedimentation velocity of NPs, showing a greater 
effect when the concentration of NPs was 100 mg L–1. When 
there was no LAS present in the liquid, the coagulation of 
NPs was more evident in the case shown in graph B due 
to the greater presence of NPs in the liquid. This concen-
tration, which was twice the concentration applied to the 
liquid shown in graph A, promoted the best formation of 
clusters that precipitated at a higher speed. This behavior 
was maintained for all concentrations applied until the end 
of the assay. In both cases (graphs A and B), the sedimenta-
tion velocity always decreased with the increase of LAS in 
the liquid medium, except for the last three values of graph 
A in which it remained with little variation probably due to 
the low presence of remaining NPs in the liquid medium. 
These NPs, as shown in Fig. 3 charts E and F and Fig. 4 

graph F, remained in suspension in the liquid medium, 
so they were not removed in the duration of the assay.

3.2. LAS effect on zero charge point determination

Electrostatic forces and pH control are two important 
factors that significantly affect the aggregation and stabil-
ity of a dispersed aqueous system because pH control is 
used to influence the surface load of nanoparticles since the 
zero charge point pH (ZCP) is the electrical state of the sur-
face of an adsorbent solution [26,44,45].

Fig. 6A–F show the influence of surfactant LAS con-
centrations in relation to the ZCP of nano-ZnO and was 
determined by the point of intersection of the curve that 
correlates the initial pH with the final pH with zero abscise 
value.

The presence of the surfactant at different concentra-
tions did not significantly alter the ZCP when compared 
to the sample that had no influence of LAS, as shown in 
Fig. 6A. ZnO nanoparticles presented a ZCP pH of ~7.1 
and appeared negatively charged at pH values greater 
than ~7.2, where the surface density of the negative charge 
increased with increasing pH. ZnO nanoparticles exhibit 
positive surface loading at pH values below ~ 7.1, where the 
positive surface load increases as the pH decreases.

This behavior coincides with previous studies in which, 
when in suspension, the nano-ZnO had their surface loads 
progressively reverted from positive to negative with  
the increase of pH and that at a pH between 7.0 and 9.0 
favored the adsorption of nano-ZnO with anionic surfactants 
[23,40,46].

3.3. Influence of LAS on chemical coagulation

Fig. 7 shows the removal efficiency of nano-ZnO in 
the chemical coagulation assay with pH variation, using 
ferric chloride and tannin as coagulants. The test was con-
ducted so that the nano-ZnO present in the solution became 
less electrically charged and increased the tendency to 
flocculate and therefore its sedimentation.

Table 1
First-order fit parameters for all dispersions calculated from experimental sedimentation profiles

Sample Concentration 
NP ZnO (mg L–1)

Concentration LAS 
(mg L–1)

Equation Concentration 
residual (mg L–1)

k (min–1) R2

(A) 50 0 C = Coe–kt 7.4 × 10–1 0.99543
(B) 50 15 C = Coe–kt 4.3 × 10–1 0.95679
(H) 50 30 C = Coe–kt 3.8 × 10–1 0.95387
(D) 50 60 C = Coe–kt 1.8 × 10–1 0.97319
(E) 50 100 C = Cr + (Co – Cr)e–kt 9.06 1.8 × 10–1 0.99317
(A) 50 300 C = Cr + (Co – Cr)e–kt 11.29 1.7 × 10–1 0,98640
(A) 100 0 C = Coe–kt 1.3 × 101 0.99461
(B) 100 15 C = Coe–kt 9.3 × 10–1 0.98412
(H) 100 30 C = Coe–kt 5.2 × 10–1 0.86064
(D) 100 60 C = Coe–kt 3.7 × 10–1 0.96951
(E) 100 100 C = Coe–kt 2.3 × 10–1 0.94543
(A) 100 300 C = Cr+(Co – Cr)e–kt 10.90 0.9 × 10–1 0.97001
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Briefly, a concentration of nano-ZnO in a solution 
of 50 and 100 mg L–1 for samples in the absence of LAS 
(0 mg L–1) obtained satisfactory results, since 100% removal 
of the nanoparticles was attained regardless of the pH value 
(Fig. 7A–C).

As pH 7 was very close to the pH ZCP (~7.1) of the 
nano-ZnO, it allowed the surface load of the nanoparticles 

to decrease at pH 7.0, reducing the electrostatic repulsive 
force between them, thus favoring the aggregation of the 
nano-ZnO into suspension. Some authors have reported 
in their studies that the action of neutralizing the loads 
with a pH close to or similar to the pH ZCP plays a fun-
damental role in the process of coagulation of the mixture 
[23,26,34,40,43].

 

  

 

(A) (B)

(C) (D)

(E)
(F)

Fig. 3. Normalized graphs showing the variation of the initial concentration of ZnO equal to 50 mg L–1 as a function of time for 
LAS concentrations of (A) 0 mg L–1, (B) 15 mg L–1, (C) 30 mg L–1, (D) 60 mg L–1, (E) 100 mg L–1 and (F) = 300 mg L–1.
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Both coagulants presented more significant removal 
when worked at pH 7.0, and tannin (organic coagulant) 
with better results in relation to ferric chloride (inorganic), 
and may be a subject of future studies for the use of tannin 
on a real scale for the chemical coagulation process, since 
it enters as an environmentally friendly organic alternative 
and does not present heavy materials to the process [47,48].

As shown in Fig. 7A–C, the addition of surfactant LAS 
to the sample reduced the removal rates of nano-ZnO, 
and the extent to which this concentration increased was 
significantly reduced at concentrations from 100 mg L–1, 
reaching, in some cases, 100% of the nano-ZnO in suspen-
sion after the trial. Khan and Li reported that high concen-
trations of anionic surfactant hinder the aggregation and 

  

  

  

(A) (B)

(C)
(D)

(E)
(F)

Fig. 4. Normalized graphs showing the variation of the initial concentration of ZnO equal to 100 mg L–1 as a function of time for LAS 
concentrations of (A) 0 mg L–1, (B) 15 mg L–1, (C) 30 mg L–1, (D) 60 mg L–1, (E) 100 mg L–1 and (D) = 300 mg L–1.
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sedimentation of nanoparticles, given their strong sorption 
capacity [6,23].

Brunelli et al. [49] explained that the nanoparticles remain 
in suspension due to the strong steric resistance (when 
the adsorption of molecules on the surface forms a kind 
of protective cover, preventing the particles from getting 
close enough for the attractive forces of van der Waals 
to act), generated by the molecules of the anionic surfac-
tant, restricting the aggregation of the nanoparticles and 
consequently the formation of flakes.

Fig. 8 shows the cause-and-effect flowsheet for the 
results obtained.

4. Conclusions

In this study, we analyze the influence of a linear alkyl 
sulfonate anionic surfactant (LAS) on the aggregation, sed-
imentation, zero load point and coagulation behavior of 
zinc oxide nanoparticles (nano-ZnO). The presence of LAS 
affected the aggregation and sedimentation of nano-ZnO, 
with a more notable difference in concentrations above 
100 mg L–1, since 20% nano-ZnO, under a concentration of 
300 mg L–1 LAS, was still in suspension after the 24 h trial 

period. The surfactant showed no significant influence at 
the zero charge point of nano-ZnO, even at concentrations 
above 60 mg L–1. The presence of LAS exhibited a pro-
nounced effect on the delay of aggregation and sedimen-
tation of the nanoparticles, hindering the chemical coag-
ulation process. Apparently due to charge inversion, LAS 
concentrations above 100 mg L–1 demonstrated low effi-
ciency in the removal of nano-ZnO, having concentrations 
of 300 mg L–1, a more pronounced effect, as they did not 
reach removal efficiency below 5%, even under different 
pH values and different coagulants. It may be concluded 
that the presence of LAS influences the efficiency of the 
chemical coagulation process for the removal of nano-ZnO. 
Both coagulants, ferric chloride and tannin, showed better 
results at pH 7.0, since it is a very approximate value of ZCP 
(7.1), thus facilitating the formation of aggregates. Future 
research and efforts should focus on using advanced oxida-
tive processes for the removal of LAS anionic surfactant.

Recommendations

Authors recommend that further studies complement 
this work by means of monitoring z-potential in order to 
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(A) (B)
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(E) (F)

Fig. 6. Effect of surfactant LAS on nano-ZnO ZCP: (A) sample without the presence of LAS, (B) 15 mg L–1 LAS, 
(C) 30 mg L–1 LAS, (D) 60 mg L–1 LAS, (E) 100 mg L–1 LAS, and (F) 300 mg L–1 LAS.
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(A) (B)

(C)

Fig. 7. Effect of LAS on the performance of chemical coagulation of nano-ZnO under different pH values and using ferric chloride and 
tannin as coagulants: (A) pH 4.0, (B) pH 7.0, and (C) pH 10.0.

Fig. 8. Cause-and-effect flowsheet.
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confirm ZCP results. Also, other suspended pollutants can 
be tested in order to define threshold limits of coexisting sur-
factant concentrations. Nonionic surfactants should also be 
tested for verification of steric resistance.
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