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a b s t r a c t
The present study evaluated the removal of graphene oxide (GO) concentrations of 1, 5 and 10 mg 
L–1 on water and wastewater secondary effluent from conventional activated sludge via coagulation–
flocculation with different concentrations of iron chloride and polyaluminum chloride (PAC) as 
coagulants. UV–Vis spectroscopy was used to measure GO concentrations in the water and secondary 
effluent solutions before and after the coagulation–flocculation treatment. Fourier transform 
infrared (FTIR) analyses were used to evaluate the presence of GO in the residual sludge. The results 
showed that the coagulation–flocculation process was effective in removing GO from both water 
and wastewater secondary effluents. In DI water solution, iron chloride showed a higher removal, 
but with high standard deviation values, meaning an instability of results. PAC results were more 
stable. For the wastewater GO solution, PAC showed better results on all GO concentrations and 
coagulant concentrations. FTIR results showed the presence of GO in the settled sludge from both 
water and wastewater solutions; zeta potential analyses showed that metal coagulants ferric chloride 
and PAC have an impact on zeta potential of GO particles in DI water solution elucidating that the 
main mechanism for GO removal was sweep flocculation.
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1. Introduction

In several countries, the reuse of secondary effluents 
from wastewater treatment plants (WWTP) is a common 
strategy to minimize the consumption of drinking water 
for purposes such as public road washes and industrial use. 
Typically, after the wastewater secondary treatment, some 
WWTPs have introduced additional treatment techniques, 
such as chemical coagulation followed by flocculation, fil-
tration and chemical oxidation to further clean the effluent 
for reuse. Studies have demonstrated that the use of coag-
ulation, flocculation and sedimentation led to the effec-
tive removal of suspended solids and natural organic and 

inorganic matter during traditional water and wastewater 
treatment processes [1–5]. 

Manufactured nanomaterials (NM) have been an object 
of research since fullerene, the first manufactured NM was 
produced, in 1985. Carbon nanotubes, derivative from 
fullerene, were the next [6]. Nanoparticles (NP) of graphene 
oxide (GO) originated from graphite oxide and are promising 
NP, with different applications [7]. Because of the unique 
mechanical, electrical, catalytic and optical properties [8] of 
graphene-based materials, a global market growth of $675 
million is expected by 2020 [9–11]. 

The wide use of manufactured NM and NP brings to 
attention the fact that they may eventually damage the envi-
ronment [12]. Given the increasing production of graphene-
based NMs and their incorporation in consumer products, 



N.R. Guimarães et al. / Desalination and Water Treatment 173 (2020) 49–5650

there is a high probability that they will be released into 
WWTPs [11,13] and further into the environment. There 
are no records of the exact concentration of GO expected in 
WWTPs, but some authors have been working with mod-
eling [12] and testing [13] to find probable concentrations. 

As previously mentioned, studies have evaluated the 
impact of NMs on the environment [6,14,15] and on WWTPs 
[16–24].

In the case of nanomaterials (NMs) released from con-
sumer products, there is still the need to evaluate how NM 
can be removed to control environmental and health risks 
associated with its exposure [25]. Studies have addressed the 
removal of NM from water and wastewater using filtration 
[26] and coagulation–flocculation processes [27–32].

Considering that coagulation combined with flocculation 
is the most widely used method to treat final WWTP efflu-
ents for reuse, it is important to understand how this pro-
cess interacts with NM. Coagulation–flocculation is a com-
mon process used to remove colloidal particles. The concept 
of colloidal particles can include NP and, consequently, the 
coagulation–flocculation process is able to remove NP by the 
same mechanisms that affect colloidal particles [29].

Still, dissolved organic matter can adsorb on the surface 
of NMs, such as carbon-based NMs, thereby changing their 
surface physical–chemical properties [33–35]. 

Thus, it is vital to perform systematic investigations on 
how conventional water treatment technologies remove 
particles from complex water matrices (i.e., wastewater), 
specially targeting the evaluation of nanoparticles removal 
[11,19,25,27].

Honda et al. [27] considered coagulation and floccula-
tion a good mechanism to remove TiO2 particles from both 
surface and groundwater. In their study on the removal of 
CNT (carbon nanotubes) and TiO2 NP dispersed in humic 
acid with aluminum coagulant, Zhang et al. [36] verified that 
particle size influences the coagulant concentration and NP 
removal and that the coagulation process conditions, such as 
pH and ionic strength are important to obtain better removal 
results. Recently, Popowich et al. [29] reviewed the results 
of studies applying coagulation to remove NP from water 
matrices, pointing out difficulties and suggesting focus on 
the concentration range and types of toxic NM. 

Only few studies found in the literature address GO as a 
pollutant and evaluate its consequences for microorganisms, 
such as the ones in WWTP [37], and how it behaves under 
coagulation–flocculation, in the case of water treatment or 
wastewater reuse. Thus, giving the lack of information on 
GO behavior and interaction with coagulants, this study 
investigated the removal of graphene oxide (GO) with a 
chemical coagulation–flocculation process in clean water and 
wastewater secondary effluent, evaluating the concentration 
of GO using UV–Vis.

2. Experimental protocols

2.1. Water samples GO and chemicals solutions

The study was conducted using distilled water and sec-
ondary effluent as a solution for GO removal. Characteristics 
for secondary effluent are provided in Supporting 
Information. 

Graphene oxide was synthesized from graphite (<20 µm, 
Sigma-Aldrich, USA). Methods for the synthesis and charac-
terization are provided in the Supporting Information.

The stock solution containing 1,000 mg L–1 GO used in 
this study was prepared according to a modified methodol-
ogy previously described [38]. GO concentrations of 1, 5 and 
10 mg L–1 were used for the experiments. More information 
about GO UV–Vis detection and calibration curve is supplied 
in Supporting Information.

For the coagulation–flocculation assay, two coagulants 
were used: polyaluminum chloride (PAC) (Kemira Chemicals 
PAX-XL8, 70% basicity) and ferric chloride hexahydrate 
(Sigma-Aldrich), at three different concentrations: 1.87, 3.74 
and 5.61 mg Al L–1 and 2.07, 4.14 and 6.21 mg Fe L–1. Details 
of the coagulant solutions and chemistry are provided in 
Supporting Information.

2.2. Coagulation–flocculation assays

The coagulation–flocculation assays were conducted at 
room temperature using the jar test procedure. The jar test 
procedure was performed with a laboratory stirrer (Jar Tester, 
Phipps and Bird, Inc., Richmond, VA) composed of six flat 
paddles attached to a rotation system with a jar with a 2 L 
volume capacity. For the experiments, only one jar was used 
at a time. Experiments were made in triplicates to guarantee 
a good observation of removal and results.

The test consists of three parts: (1) fast mixing, inducing 
coagulation; (2) slow mixing, inducing flocculation and (3) 
settling, allowing particles to settle at the bottom of the jar, 
separating from the treated liquid phase. The fast mixing was 
performed to ensure a velocity gradient equal to or greater 
than 1,000 s–1 [39]. For that purpose, the jar test rotation was 
kept constant at 100 rpm for 60 s. After the fast mixing step, 
the rotation was reduced to 20 rpm for 15 min to guarantee 
a speed gradient of around 30 s–1. The flocculation velocity 
gradient was based on typical reactor designs used in water 
treatment plants [40]. After 15 min of flocculation, the equip-
ment was turned off and a 5-min sedimentation step was 
conducted. After sedimentation, a 500-mL sample from the 
supernatant was collected to measure the GO concentration 
with the UV–Vis spectrophotometer.

The procedure was repeated in triplicates for both coagu-
lants (ferric chloride and PAC) in each proposed dosage (2.07, 
4.14 and 6.21 mg Fe L–1 and 1.87, 3.74 and 5.61 mg Al L–1) for 
each concentration of GO (1, 5 and 10 mg L–1 GO) present in 
DI water or secondary effluent. A control without any coag-
ulant (0 mg L–1) was used as well. To ensure that the jar tests 
were conducted within a neutral pH range (6.0 to 7.5), a pH 
meter was inserted in the jar and the pH was controlled by 
adding NaOH 0.1 M or HCl 0.1 M during the experiment. 
The pH range was chosen based on literature about coagula-
tion process using metal salts coagulants 

In addition to determining the best coagulant and the 
effect of the coagulant concentration, we also examined the 
interactions of GO with the coagulants through zeta potential 
(ZP) analysis. The ZP measurement was conducted with GO 
suspended in DI water solution using the jar test procedure 
method as described above. The ZP of the GO solution with 
every concentration proposed (1, 5 and 10 mg L–1 GO) was 
measured before the jar test procedure started using a 10 mL 
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sample of the solution and inserting it in the ZP equipment 
(zeta potential/particle sizer, NICOMP 380ZLS, California, 
USA). After 30 s from addition of coagulant, at the jar test fast 
mixing step, a 10-mL sample was taken from the solution and 
its ZP was analysed.

2.3. Estimation of GO removal by coagulation–flocculation

In order to determine the removal of GO from the coag-
ulation–flocculation solutions, the quantification of the 
residual GO in the post-treated water was determined using 
UV–Vis based on the calibration curve. The following equa-
tion was obtained to determine the GO concentration: GO 
(mg L–1) = 0.0361x + 0.0057, where x = absorbance result; 
R2 = 0.9976. Background subtraction, using DI water, prior to 
the addition of GO to the samples was necessary in order not 
to underestimate or overestimate the GO in the final effluent. 

The removal of GO from the wastewater was further con-
firmed by Fourier transform infrared (FTIR) analyses of the 
residual sludge produced in the jar test. Protocol followed 
was according to Bykkam et al. [41]. The residual sludge 
sample from each jar test with the best GO removals had 
their sludge collected from the bottom of the jar with a micro 
pipette and filtered through a glass fiber filter (0.45 microns). 
The filters containing the sludge were subjected to FTIR 
analyses to determine the presence of GO by identifying the 
characteristic GO functional groups. For this and to exclude 
any interference of any other substances with the water or 
with the coagulants, five controls were used. The controls 
were: the bare filter used for filtrating the sludge; pure GO 
deposited on the filters; ferric chloride coagulant deposited 
on the filter; PAC coagulant deposited on the filter; and the 
retentate of the secondary effluent used in this study. 

3. Results and discussion

3.1. Graphene oxide removal from DI water

Initial experiments to understand the interactions of GO 
with ferric chloride and PAC coagulants were performed 
with DI water (simple matrix). Fig. 1 shows the mean values 

of removal percentage for each GO concentration with coag-
ulation with different coagulant concentration. Ferric chlo-
ride, for 10 ppm GO, removed from 55% to 60% with 2.07 mg 
Fe L–1; 33% to 92% with 4.14 mg Fe L–1; and 70% to 82% with 
6.21 mg Fe L–1 (Fig. 1a). For 5 ppm GO, ferric chloride coagu-
lant removed from 22% to 52% with 2.07 mg Fe L–1; 3% to 57% 
with 4.14 mg Fe L–1; and 0%–48% with 6.21 mg Fe L–1 (Fig. 1a). 

PAC coagulant, for 10 ppm GO, removed 55%–78% with 
1.87 mg Al L–1; 75%–92% with 3.74 mg Al L–1; and 47%–76% 
with 5.61 mg Al L–1 (Fig. 1b). For 5 ppm GO, PAC coagulant 
removed from 74% to 93% with 1.87 mg L Al L–1; 87% with 
3.74 mg Al L–1; and with 5.61 mg Al L–1, there was no removal 
(Fig. 1b).

High standard deviations were observed in the removal of 
GO from DI water solution. This shows that the composition 
of water solution may influence the GO removal using coagu-
lants [42]. One hypothesis may be that GO forms suspensions 
in water with different sizes of NP agglomerates; being the only 
particle in solution contact with the coagulant is less stable.

The higher percentage removal of GO using PAC and 
not needing to adjust the coagulant concentration makes 
PAC a more attractive coagulant for GO removal from water. 
The results showed that solutions of 1 mg L–1 GO in DI 
water were not removed by any of the PAC concentrations 
investigated (data not shown). This can be explained by 
the fact that, at lower concentrations, suspended particles 
destabilization requires charge neutralization [40], and the 
ideal coagulant dosage for charge neutralization at lower 
particle concentrations is hard to be achieved. Typically, 
lower particle concentrations require lower coagulant 
concentrations, which prevent the formation of metal 
hydroxide precipitates and particle removal by sweep 
flocculation. Therefore, the removal of suspended GO in 
lower concentrations can be challenging, especially if GO is 
the only suspended particle in the solution. 

3.2. Zeta potential measurements

In the present study, we evaluated the changes in the ZP 
of GO in DI water solutions before and after the application 
of coagulants (Fig. 2). 

 
Fig. 1. Percentage removal of GO in DI water by (a) iron chloride coagulant and (b) PAC coagulant.
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The GO solution without coagulant presented a negative 
ZP (around –20 mV) at neutral pH. This is observed because 
of the deprotonation of the GO functional groups at this pH 
[43]. When the ZP was negative, the particles were chemi-
cally stable and remained in suspension. In the coagulation 
step, the aggregation of the particles is necessary for parti-
cle removal. Therefore, in this study, in most measurements, 
the increasing concentration of coagulant reduced the neg-
ative charges of GO allowing the particles to aggregate and 
settle. In some cases, the coagulant led to particle charge 
change from negative to positive (Fig. 3) still allowing parti-
cles to aggregate and to remove GO. This phenomenon was 
observed in the samples containing 5 mg L–1 GO treated with 
20 mg L–1 of FeCl3 and in samples of 10 mg L–1 GO treated 
with 10 and 30 mg L–1 of FeCl3 (Fig. 2a). This behavior can 
also be observed with colloidal particles present in natural 
waters [40]. 

In the case of PAC, the charge inversion of the ZP was 
observed in the samples containing 5 mg L–1 GO treated 
with 10 and 20 mg L–1 of PAC and 10 mg L–1 GO treated with  
20 and 30 mg L–1 of PAC (Fig. 2b). In this case, the dominant 
removal mechanism was probably sweep flocculation, since 
charge neutralization was not achieved in most samples 
[40]. The only sample that showed charge neutralization 
(ZP ≈ zero) was 5 mg L–1 GO treated with 10 mg L–1 of FeCl3 
(ZP = –0.3 mV), which resulted in a GO removal of 36%. 

As the coagulants, GO also has surface charge; hence, 
surface potential plays an essential role in the interactions of 
nanoparticles with each other and other chemicals/molecules. 
The nanoparticle aggregates observed herein presented sim-
ilar behavior to that of colloids; however, the extent to which 
GO-coagulant aggregates behave from these previously 
studied colloids is still unknown. It is possible that the inter-
action energies are very different and more complex than the 
ones currently observed in the colloid literature [44]. 

3.3. Graphene oxide removal in secondary effluent

The same coagulants investigated with DI water were 
also used to compare the removal of GO in a wastewater 

secondary effluent. The results for GO removal by ferric chlo-
ride and PAC are presented in Fig. 3. 

Ferric chloride, for 10 ppm GO, removed from 65% to 
70% with 2.07 mg Fe L–1; 60% to 65% with 4.14 mg Fe L–1; and 
53% to 55% with 6.21 mg Fe L–1 (Fig. 3a). For 5 ppm GO, ferric 
chloride coagulant removed from 8% to 11% with 2.07 mg 
Fe L–1; 37% to 40% with 4.14 mg Fe L–1; and 17% with 6.21 mg 
Fe L–1 (Fig. 3a). 

PAC coagulant, for 10 ppm GO, removed from 82% to 
86% with 1.87 mg L Al L–1; 89% to 93% with 3.74 mg Al L–1; 
and 98% with 5.61 mg Al L–1 (Fig. 3b). For 5 ppm GO, 
PAC coagulant removed from 72% to 77% with 1.87 mg L 
Al L–1; 89% to 100% with 3.74 mg Al L–1; and 97% to 100% 
with 5.61 mg Al L–1(Fig. 3b). For 1 ppm GO, PAC coagulant 
removed from 94% to 96% with 1.87 mg L Al L–1; 96% to 98% 
with 3.74 mg Al L–1; and 97% to 100% with 5.61 mg Al L–1 

(Fig. 3b). 
The standard deviation of GO removal from wastewater 

solution was very low.
As in the DI water, the PAC results seem to make it a 

more attractive coagulant for GO removal from WWTPs 
due to a higher percentage removal. PAC was developed 
to increase the concentration of the most efficient species, 
Al13 (simplified form of AlO4Al12(OH)24), because of its high 
stability and positive electric charge [45]. This coagulant is 
known for its stability after dilution, low turbidity produc-
tion and stability over a wider pH range [46]. 

In complex matrices, such as secondary effluents, GO 
is known to interact with other colloidal particles, which 
would change the surface chemistry of GO [11]. That would 
in return affect the interactions of the nanomaterials with 
the coagulants. The details of how the interaction of GO 
with the coagulants takes place are yet not completely 
understood; however, previous studies with other nanoma-
terials have shed some light on the potential mechanisms of 
interactions.

Observations made about physical–chemical properties 
and concentrations of colloids and organic matter in the 
water [14,47,48] can be taken into consideration in the results 
of the present study. We observed that the floc formation 

 

 

Fig. 2. Zeta potential analyses for GO solution in DI water in the presence of different concentrations of coagulants (a) iron chloride 
coagulant and (b) PAC coagulant. In the graph, “0” (zero) concentration of coagulants correspond the ZP measurement of GO before 
the addition of the coagulants. Different patterns on columns indicate GO concentration (ppm) according to subtitle box, axis “X” 
indicates coagulant concentration in mg L–1.
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appeared to be stabler in the presence of particles in the 
secondary effluent GO solution. Furthermore, the flocs pre-
sented more nucleation capacity due to the presence of other 
colloidal particles in the secondary effluent, besides GO. In 
the secondary effluent, it is also likely that some organic 
molecules adsorbed to the GO surface changing its surface 
chemistry since the experiments were conducted at neu-
tral pH (6.5 < pH > 7.5), which could have also explained 
the higher removal of GO in secondary effluent than in the 
DI water. Additionally, in agreement with the studies cited 
above [10,14,46], the secondary effluent solution typically 
possesses high ionic strength, which makes GO more likely 
to flocculate by heteroaggregation with other organic sus-
pended particles. According to Honda et al. [27], GO adsorp-
tion capacities in the presence of dissolved monovalent 
(NaCl) and divalent (CaCl2) salts decrease. This reduction of 
adsorbed protein in the presence of ions was also observed 
in other studies as the result of double layer interactions with 
both particles [49]. The positive cations balance the negative 
charges on GO, reducing the interaction strength between 
GO and the material tested. 

The literature about coagulation–flocculation 
mechanisms points out that the condition necessary to 
obtain charge neutralization is using, at neutral pH, very 
low metal coagulants concentration (micromoles L–1) so that 
the hydrated metal and its various hydrolyzed species, that 
is, metal coagulants soluble species, are present. Usually, in 
water treatment facilities, the coagulant dosage is higher than 
that cited to obtain charge neutralization, and still particle 
removal is very efficient. The explanation can be found in the 
sweep coagulation mechanism, whereby particles present in 
the water solution are incorporated in hydroxides precipitates 
and removed from suspension (sweeping) [50]. Based on the 
information above, it can be concluded that the dominant GO 
removal mechanism observed was sweep coagulation. This 
conclusion agrees with the findings by Honda et al. [27] for 
TiO2 NPs. 

It is important to emphasize that the ideal choice of coag-
ulant and parameters for NP removal are dependent on the 
type of NP and on the physical–chemical characteristics of 
the liquid phase.

3.4. Presence of GO on the sludge after flocculation

FTIR spectroscopy (Nicolet iS10, Thermo Scientific, USA) 
was used for analyzing the settled sludge obtained after the 
interaction of secondary effluent GO solution with coagu-
lants during the jar test procedure. 

Figs. 4 and 5 show the results from FTIR analyses for 5 
and 10 mg L–1 GO in secondary effluent solution, respectively. 
Both the figures also show the results from control analyses. 

In Fig. 4, distinctive peak “C=O” at GO control sample 
is seen at 1,728 cm–1. This peak appeared in the settled 
sludge as a very small shoulder in samples with PAC 
30 mg L–1, FeCl3 10 and 20 mg L–1. These samples presented 
98.3% (±1.1), 67.7% (±2.0), 62% (±2.3), respectively. The 
small peak size in sludge samples from the jar test is 
due to the low concentration of GO in the samples. The 
second peak observed in the GO control were “C=C”; 
this peak was slightly shifted from 1,628 to 1,641 cm–1 
in the wastewater GO solutions and increased due to 
the interaction of GO with other chemical constituents 
present in the secondary effluent. This shift was observed 
previously in the presence of organic matter [10]. 

The small peak “C–H” (1,370–1,350 cm–1), which 
appeared in both GO and secondary effluent control sam-
ples were present in all settled sludge samples after the jar 
test. 

The observations made for 5 mg L–1 of GO wastewater 
solution apply to 10 mg L–1 GO wastewater solution. The low 
concentration of GO and the interaction with organic matter 
also caused the small shoulder at the “C=O” peak and the 
shifting at the “C=C” peak. Yet peaks were slightly narrower 
in 10 mg L–1 of GO wastewater solution.

(a) (b)

Fig. 3. Percentage removal of GO in secondary effluent by different coagulants at different concentrations: (a) iron chloride 
and (b) PAC.
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The presence of characteristic GO peaks in the settled 
sludge samples collected after the jar test procedure 
corroborate the UV–Vis results showing the removal of GO 
from the wastewater solution.

FTIR is a qualitative analysis, and from the results of this 
study, it is capable of detecting GO in wastewater solution. 
Still, a more accurate protocol can be developed to fully iden-
tify the peaks of GO in its interaction with organic matter.

4. Conclusions

The present study evaluated the removal of graphene 
oxide in different concentrations from water and conventional 
activated sludge’s secondary effluent via coagulation–
flocculation with different concentrations of coagulants. 
To evaluate de GO removal, UV–Vis spectroscopy was used to 
measure GO concentrations before and after the coagulation–
flocculation treatment. FTIR analyses were used to evaluate 
the presence of GO in the residual sludge and zeta potential 

analyses were used to elucidate coagulation mechanisms on 
GO removal.

Based on the findings of the present study, it can be con-
cluded that GO particles can be removed from water and 
wastewater by coagulation–flocculation process.

Based on the results, PAC presented better results in GO 
removal from both water and wastewater solutions and, in 
general, it can be said that metal coagulants, such as ferric 
chloride and PAC, have an impact on ZP of GO particles in 
DI water solution elucidating the main mechanism for GO 
removal, sweep flocculation. FTIR analyses showed GO in 
settled sludge, but at very small peaks, still showing the GO 
coagulation with metal salts.

Authors find that there is the need for a more accurate 
study on GO interaction with organic matter in order to 
better evaluate its removal from complex solutions such as 
wastewater. Still, authors suggest that not only GO but also 
the NP should be investigated in order to better understand 
the impact of water and wastewater treatment of its behavior.
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Supplementary information:

S1. Secondary effluent characteristics

The secondary effluent used in the experiments was 
obtained as a grab sample from the Sims Bayou South 
Wastewater Treatment Plant (Houston, Texas, USA) 
(AHMED; RODRIGUES, 2013). The physical––chemical char-
acteristics for the secondary effluent sample were: dissolved 
organic carbon, 37.3 mg L–1; total chemical oxygen demand: 
90.0 mg L–1; pH: 7.0; turbidity: 5.5 NTU.

S2. Graphene oxide (GO) synthesis and characterization

Graphene oxide was synthesized from graphite (<20 µm, 
Sigma-Aldrich, USA) using the modified Hummers’ oxida-
tion method (HUMMERS; OFFEMAN, 1958). All the reagents 
were purchased from Sigma-Aldrich, except where noted. 
The nanomaterial was prepared as previously described 
(AHMED; RODRIGUES, 2013). The successful synthesis 
of graphene oxide was confirmed using Nicolet iS10 FTIR 
Spectrometer by identifying the following characteristics 
peaks in the spectrum: 3,379 (cm–1) (hydroxyl, –OH stretch-
ing), 1,727 (cm–1) (carboxylic, –COOH), 1,625 (cm–1) (C=C) 
and 1,061 (cm–1) (epoxy group) (CHEN et al., 2013; FAN; 
GRANDE; RODRIGUES, 2017). 

Prior to any experimental dilution, a 30-min sonication 
step was used to homogenize the GO stock solution. GO 
concentrations of 1, 5 and 10 mg L–1 were prepared in 1-L 
volume using DI water or wastewater secondary effluent. 
The concentrations were confirmed by absorbance, using 
quartz cuvettes, with a UV–Vis spectrometer (Synergy MX 
Microplate Reader, BioTek, USA) based on a modified pro-
tocol by Wang et al. (2010) (NGUYEN; RODRIGUES, 2018).

S3. GO detection and calibration curve

The highest peak of GO detection was λ = 230 nm, as 
previously described (SHIN et al., 2009; YANG et al., 2015; 
ZHANG et al., 2010). The calibration curve (Fig. S1 showed 
in this section) was obtained by mixing the GO with DI 

water in the following concentrations: 25, 10, 5, 2.5, 1.0 and  
0.1 mg L–1. These concentrations were used for the calibration 
curve since it covers the entire range of the GO used in this 
study. The absorbance for each concentration was plotted and 
a standard curve was generated. The resulted equation used 
to calculate concentration of GO solution and GO removal 
was: y = 0.0361x + 0.0057; R2 = 0.9976.

Fig. S1. Calibration curve.

S4. Solutions of coagulants

For calculations of PAC solutions, the coagulant was 
understood as Al2(SO4)3

.16H2O and, based on literature, 
treated in terms of Al+3 ions, which is the active form of 
aluminum. The stock solution was obtained at concentra-
tion of 1.87 g Al+3 L–1. The ferric chloride (FeCl3), obtained in 
solid form, was diluted to obtain a coagulant stock solution 
of 2.07 g Fe+3 L–1. From the stock solutions, dilutions were 
prepared to achieve a final concentrations of 2.07, 3.14 and 
6.21 mg Fe+3 L–1 and 1.87, 3.74 and 5.61 mg Al+3 L–1 in the 
samples prior to the jar test. More information on coagu-
lant dosage and chemistry can be found at (LETTERMAN,  
R. D. YIACOUMI, 2011).
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