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Abstract: Water and wastewater physicochemical treatments often rely on coagulation and 

flocculation to generate aggregates adequate for separation. Floc development may be assessed by 

particle size distribution (PSD) using dynamic light scattering techniques (DLS) available in 

commercial equipment. The DLS output data, however, often presents high variability, which may 

hinder comparisons of the aggregation time series for different conditions. The Visibility Graph (VG), 

a novel approach to be applied within the sanitation context, may be an alternative to disclose 

properties of these highly oscillatory monitoring results.  In this study, after defining ideal shear rates 

and mixing times for the treatability of high turbidity test water, we monitored PSD after coagulation 

using metallic salts (ferric chloride and ferric sulfate) and a natural coagulant (Opuntia cochenillifera). 

PSD data was converted to visibility networks and measurements were obtained to describe these time 

series by the VG technique. Although no series patterns were found, the VG approach shed some light 

onto the PSD through time, but no inferences were scaled to the treatability aspect. The limitations for 

the VG method in this study are mainly due to the small time series, thus we endorse that visibility 

network analysis may be a promising technique within the environmental and sanitation context. 
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Introduction 

Coagulation and flocculation are important phenomena in water and wastewater treatment (Ching et 

al. 1994; Bratby 2016) that depend upon the interaction between factors such as size, shape, density, 

source and composition of suspended particles (Saritha et al. 2017). These are matrix-dependent and 

must be considered, particularly because, within the sanitation field, matrices can be as different in 

characteristics as in source waters (Soros et al. 2019), industrial wastewaters (Land et al. 2020), food-

based and agro-industrial wastewater (Tonhato Junior et al. 2019; Sacchi et al. 2020), dam water (El 

Foulani et al. 2020), landfill leachate (Ghafari et al. 2009; Adlan et al. 2011), among others. The 

effectiveness of a physicochemical treatment system relies directly on the performance of the 

integrated coagulation-flocculation process (de Oliveira et al. 2016), which is also largely affected by 

the coagulant properties. These can be organic, inorganic or composites and therefore perform within 

different coagulation mechanisms (Zhu et al. 2011). 

Among chemical coagulants, the most common can be divided in two general categories: those based 

on aluminum (as aluminum sulfate, aluminum chloride, sodium aluminate, aluminum chlorohydrate, 

etc.) and those based on iron (as ferric sulfate, ferrous sulfate, ferric chloride, polyferric sulfate and 

others) (Bratby 2016). These two groups have been used as coagulants in water and wastewater 

treatment for many decades and they can generate positively charged hydrolysis products that 

neutralize the negative charge of colloidal impurities (5 x 10-3 to 1 μm), leading to coagulation. 

(Gregory and Dupont 2001). Natural coagulants, particularly vegetal-based ones, have also been used 

for coagulation throughout the years (Muruganandam et al. 2017). Some natural polymers have stood 

out as those obtained from Moringa oleifera seeds (Miller et al. 2008; Adesina et al. 2019), Aloe vera 

leaves (Muruganandam et al. 2017) and by cacti such as Opuntia spp. (Miller et al. 2008; Bratby 2016; 

Souza Freitas and Sabogal-Paz 2019). 



4 
 

After colloidal destabilization, flocculation takes place for particle aggregation by means of shear-

induced collision and orthokinetic forces, leading to flocs, which will vary in characteristics as a 

function of shear rate and time (Moruzzi et al. 2017). An indirect measure for optical monitoring of 

aggregates is the determination of particle size by light scattering, which is a very well established 

technique for which commercial devices are available (Gregory 2009). For given operational 

conditions during flocculation, a dynamic steady-state is expected for PSD over time (Jarvis et al. 

2005). PSD data, however, may present oscillations when carried out by destructive sampling methods. 

Microflocs can be highly irregular and porous, which leads their scattering patterns to differ from ideal 

solid spheres of the same material in light scattering equipment (Jarvis et al. 2005). Light scattering is 

therefore considered an interesting option to monitor qualitative, rather than absolute characteristics 

of aggregates during flocculation (Farrow and Warren 1993), but it opens a field of investigation for 

other time series analysis approaches. 

In scientific investigation, when there is no clear correlation among data using conventional statistics, 

one of the possibilities is to resort to alternative techniques, as in Visibility Graphs (VG), that may 

reveal evolutionary behaviors, not elucidated by time-series analysis (Lacasa et al. 2008). The 

visibility-network analysis, may therefore be a tool to analyze temporal features of the mapped series 

without compromising their structure (Lacasa et al. 2009; Iacobello et al. 2018). The synthetic 

networks can disclose properties of the time series, for example: periodic, random, or fractal series can 

become regular, random, and scale-free networks, respectively (Yang et al. 2009). VG applications 

have been described in health sciences (Ahmadlou et al. 2010; Jiang et al. 2013; Supriya et al. 2016; 

Gao et al. 2016, 2017; Xiong et al. 2019), economics (Wang et al. 2012; Long 2013; Jiang et al. 2016; 

Gonçalves et al. 2019),  physics (Liu et al. 2010; Gonçalves et al. 2016; Iacobello et al. 2018), 

geosciences (Donner and Donges 2012; Telesca and Lovallo 2012), among other research fields. 

Sanitation approaches, however, have not been further explored.   
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In this scene, the aim of this study was to provide a novel attempt of using VG to explore the temporal 

evolution of PSD during floc formation when coagulation was performed with metallic coagulants 

(ferric chloride and ferric sulfate) and a natural coagulant (Opuntia cochenillifera) in test water.  

Materials and methods 

Test water  

The test water simulated a water quality of both high color and turbidity, aiming at an average of 100 

NTU and 30 UH of true color. It was prepared using non-chlorinated natural water from a well located 

at São Carlos School of Engineering (SCSE/USP, São Carlos, Brazil), into which kaolinite (Sigma-

Aldrich®) and humic acid (Sigma-Aldrich®) were added. Initial quality was tested prior to every 

treatability test, as well as the mixture optimization experiments and PSD assays. 

Coagulant preparation  

Ferric chloride and ferric sulfate (both purchased from Sigma-Aldrich®) stock solutions (20 g L-1) 

were prepared prior to the experiments and proper dilutions were carried out for the jartest runs. 

Opuntia cochenillifera (O. cochenillifera) was chosen as natural coagulant, considering its efficacy in 

treating high turbidity water (Miller et al. 2008; Shilpa et al. 2012, Souza Freitas and Sabogal-Paz, 

2019). Its pads were collected in the municipality of São Carlos (SP, Brazil) and had their thorns 

removed and cladodes rinsed in tap water. Afterwards, they were cut in one-centimeter strips. The 

extract applied in coagulation was a powder prepared according to (Miller et al. 2008; Shilpa et al. 

2012). The procedure, in short, consisted in drying approximately 0.5 kg of freshly prepared cacti at 

60 ºC for 24 hours. Dry O. cochenillifera was then grounded and sifted to a maximum of 300 µm 

average grain size. Images of the natural coagulant preparation are provided in the supplementary 

material. 

Jar test 
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Preliminary treatability tests were run for each coagulant in order to allow selecting the best conditions 

in terms of pH and dose, which were evaluated for turbidity removal efficiency. pH was adjusted by 

either sodium hydroxide or sulfuric acid (both purchased from Sigma-Aldrich®) immediately before 

the jar tests. Metallic coagulants were tested at fixed conditions of 1,000 s-1 velocity gradient for 10 s 

during coagulation and 20 s-1 during a 30-minute flocculation. Settling velocity was fixed at 1.5 cm 

min-1. As for O. cochenillifera, the parameters for the preliminary treatability assays were 250 s-1 for 

60 s during rapid mix and 25 s-1 for 20 minutes during flocculation (Miller et al. 2008). Settling velocity 

for the natural coagulant was fixed at 0.25 cm min-1. 

These chemical parameters, defined for each coagulant, led to a second treatability run, which was 

carried out in triplicate for each operational condition, using the one-factor-at-a-time experimentation 

method (Frey et al. 2003). The operational variables under test (Fig. 1) were: rapid mixing shear rate 

(coagulation velocity gradient, coagulation time), and slow mixing shear rate (flocculation velocity 

gradient, flocculation time). Settling velocity was fixed at 1.5 cm min-1 for ferric chloride and ferric 

sulfate and at 0.25 cm min-1 for treatments with O. cochenillifera. The operational conditions that 

maximized turbidity removals were selected for the PSD assessment. 
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Fig. 1 Schematic of the experimental design for coagulation and flocculation shear rates for optimizing 

treatability 

 

Note: Gmr = velocity gradient during rapid mix; Gf = velocity gradient during flocculation; T = time 

Particle size distribution 

Floc aggregation was analyzed by PSD, by measuring micro-flocs z-average hydrodynamic diameters 

using a Zetasizer Nano ZS90 (Malvern Instruments Ltd.). The equipment operates by dynamic light 

scattering (DLS), and the detection range provided measurement from 0.3 nm (diameter) to 5 microns 

using 90 degree scattering optics.  

Samples were collected from the jars during flocculation in two-minute time-steps for 34 minutes. In 

order to provide a broader view of the flocculation progress, flocs were monitored during a period that 

exceeded the optimized slow mixing time for some coagulants, previously assessed. Macroflocs were 

not captured for DLS analysis, as they do not fit particle sizes and suspension ionic strength for the 
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Smoluchowski approximation model (Elimelech et al. 1998), applied in the equipment’s standard 

operational procedure. 

Data analysis  

All of the time series were considered to have started after minute two, as time zero referred to raw 

water, without any coagulants, which could have interfered in PSD and mass content. Univariate 

statistical analysis of the data series was performed using PAST software (Hammer et al. 2001). The 

data sets were first tested for normality (α = 0.05) by Shapiro-Wilk test and log transformations or 

non-parametric analyses were carried out for situations in which data was not normally distributed. 

The Visibility Graph (VG) technique was applied for an attempt of complementing data analysis. In a 

VG, a line is drawn between two data points. If the line does not cross any other points within the 

series, the two referring points are corresponding, i. e. there is visibility between them. Following a 

VG procedure proposed by Lacasa et al. (2008), the mathematical formulation may be given by two 

arbitrary values (xa, ya) and (xb, yb). They present visibility (and are connected) if any other value (xc, 

yc) located between them fulfills the condition 𝑦𝑐 <  𝑦𝑏 + (𝑦𝑎 − 𝑦𝑏)
(𝑥𝑏− 𝑥𝑐)

(𝑥𝑏− 𝑥𝑎)
,  considering xa< xc < xb. 

Dots are connected if there is a link between them. These linked dots become the nodes of the network, 

and the edges are the connection, therefore creating a VG data series graph, so the network is built. 

Using the graph data, three measures were calculated: degree, betweenness centrality and closeness 

centrality (Sayama 2015). Degree is the number of connections from a node, whereas betweenness 

centrality measures the extent to which a vertex is present in paths between other vertices. 

Then, the betweenness centrality (g) of a node v is given by: 

𝑔(𝑣) =  ∑𝑠≠𝑣≠𝑡
𝜎𝑠𝑡(𝑣)

𝜎𝑠𝑡
      Equation (1) 
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Where 𝜎𝑠𝑡 is the total number of shortest paths from node s to t and 𝜎𝑠𝑡(𝑣) is the number of those paths 

that pass through v. We also performed a normalization, which is given by dividing Equation 1 by 

(𝑁 − 1)(𝑁 − 2)/2, since the graph is undirected. N is the number of nodes (vertices) of the graph. 

Closeness centrality (C) measures the mean distance from a vertex to other vertices and is given by: 

𝐶(𝑣) =  
𝑁−1

∑𝑢 𝑑(𝑣,𝑢)
       Equation (2) 

Where d(v,u) is the distance between vertices v and u. 

Results and discussion 

Treatability assays 

Jartest runs for chemical parameters suggested 20 mg L-1 as optimal dosage for ferric chloride at pH 

6, leading to 99.7 % turbidity removal (0.39 NTU residual) and a 97.6% color reduction (final apparent 

color value of 3.7 HU). As for ferric sulfate, 30 mg L-1 was chosen at a coagulation pH of 6, which 

lead to a final turbidity of 0.36 NTU and apparent color of 6.1 HU (99.7 % and 95.9 % removals, 

respectively). For the mixture optimization tests, 30 mg L-1 of dry O. cochenillifera dosing was 

selected at 10 pH. This condition led to a reminiscent water turbidity of 3.66 NTU and the color to 

31.2 HU, referring to 96.8 % and 79.0 % respective removals. 

Fig. 2 displays stepwise optimal results for mixture shear rates selection for the treatment with ferric 

chloride, in terms of final turbidity. Similarly, Fig. 3 and Fig. 4 refer to such operational conditions 

partial results for ferric sulfate and O. cochenillifera as coagulants, respectively. Table 1 presents the 

operational conditions selected for PSD assessment for each coagulant under study.  
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Fig. 2 Final turbidity obtained by coagulation-flocculation assays using ferric chloride for one-factor-at-a-time 

optimization varying (a) rapid mixture velocity gradient; (b) rapid mixture time; (c) slow mixture velocity 

gradient; (b) slow mixture time 

 

Note: Sedimentation velocity fixed at 1.5 cm min-1. Black arrows point to selected conditions. 
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Fig. 3 Final turbidity obtained by coagulation-flocculation assays using ferric sulfate for one-factor-at-a-time 

optimization varying (a) rapid mixture velocity gradient; (b) rapid mixture time; (c) slow mixture velocity 

gradient; (d) slow mixture time 

 

Note: Sedimentation velocity fixed at 1.5 cm min-1. Black arrows point to selected conditions. 
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Fig.4 Final turbidity obtained by coagulation-flocculation assays using O. cochenillifera for one-factor-at-a-time 

optimization varying (a) rapid mixture velocity gradient; (b) rapid mixture time; (c) slow mixture velocity 

gradient; (d) slow mixture time 

 

Note: Sedimentation velocity fixed at 0.25 cm min-1. Black arrows point to selected conditions. 
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Table 1 – Optimal operational parameters selected for treatability assays performed for particle size distribution 

assessment during flocculation 

Coagulant 

Dose  

(mg L-1) 

Initial 

pH 

Rapid mix Flocculation Color 

removal 

efficiency 

(%) 

Turbidity 

removal 

efficiency 

(%) 

Gradient (s-1) Time (s) Gradient (s-1) Time (min) 

Ferric chloride 20 7 900 60 20 30 88.3 99.4 

Ferric sulfate 30 8 800 15 15 35 99.6 99.4 

Opuntia cochenillifera 30 10 335 60 40 45 80.1 95.7 

Average test water quality: 85 ± 14 NTU; 156.7 ± 12.4 uH; 25ºC. pH refers to average adjusted values applying sodium 

hydroxide. Particle size distribution of the treatment was monitored for 34 min for the metallic coagulants and 46 min for 

O. cochenillifera, which surpassed optimal flocculation time.  

Visibility Graph for particle size distribution through time 

PSD assessed through flocculation, displayed by Fig. 5 (a), presented high standard deviation for all 

of the coagulants under test, which ratifies an assumption of floc growth, or, at least, change during 

flocculation. As of data quality, samples were considered very polydisperse (PDI ~ 1), which may 

hinder DLS analysis. Ferric chloride and ferric sulfate mean Z-average size values were 10.327±8.722 

µm and 14.316±8.626 µm, respectively. O. cochenillifera z-average size mean was 1.219±0.238 µm.  

PSD data through time was not normally distributed for treatments with ferric chloride (Shapiro-Wilk 

normality test, p = 0.0080), nor O. cochenillifera (p = 0.0056), thus non-parametric univariate statistics 

was carried out. The Kruskal-Wallis test indicated there was significant difference between sample 

medians (p < 0.0001). Dunn’s post-hoc test suggested such differences were present when comparing 

O. cochenillifera PSD data to both ferric chloride and ferric sulfate (p < 0.0001), whereas metallic 

coagulants did not present statistically significant differences themselves. In short, medians of the 

temporal distribution are statistically different between the metallic coagulants and the vegetal-based 

one, endorsing results from descriptive statistics and observational inferences from Fig. 5 (a). 
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Nevertheless, these conclusions do not provide any inferences on floc development through time, 

which was assessed by measurements of the obtained VGs. These are also shown in Fig. 5 (b, c, d). 

Fig. 5 Particle size distribution during flocculation presented in (a) regular time series; visibility graphs for (b) ferric 

chloride; (c) ferric sulfate; (d) Opuntia cochenillifera 

  

The node degree distribution (Fig. 6) reveals that flocculation with each of the three coagulants present 

most of the PSD nodes within a low degree range, whereas few nodes have higher degrees. As for 

ferric sulfate and O. cochenillifera, no node has a degree greater than 9. However, for ferric chloride, 

the node with the highest degree has 12 connections and, compared to the other coagulants, there are 

considerably fewer nodes with a degree of less than 3. This probably relates to the high oscillation 

between the mean particle size values for ferric chloride, when compared to the other coagulants, as 

displayed in Fig. 5 (a) and by descriptive statistics. 

Node degrees were transformed to fit a normal distribution (checked by the Shapiro-Wilk test) and 

followed a one-way ANOVA test for equal means. Results indicated there were no statistically 

significant differences (p = 0.4212) for the degrees obtained throughout the treatments, in a matter of 

mean PSD. From a flocculation perspective, the homogeneity inferred by the degree in VG assessment 
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endorses that the operation is being carried out similarly for all of the coagulants under study, as 

particle size evolves within no statistically different number of connections for each node. As shown 

by the selection of operational parameters and their effects in turbidity removal efficiency, this is 

expected, considering the influence of the shear rates in floc formation. Nonetheless, the degree mean 

value does not point out the position in which such effects would occur. In addition, during flocculation 

in the metallic coagulant treatments, there was some mass loss due to particle settlement within the 

jars, which may have led to an effect in PSD readings, as some of the particles became unavailable. 

However, from a water treatment perspective, this relates to turbidity and color removals, which were 

to happen for all of the coagulants under test, considering an output of treated water. This conclusion 

was reiterated by confirming a null hypothesis of equal means in node degrees. 
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 Fig. 6 Histogram of: (a) node degree; (b) betweenness centrality, and; (c) closeness centrality for the 

flocculation treatments 

 

Betweenness centrality values were evaluated by non-parametric statistics, as they would not fit 

normal distributions. Kruskal-Wallis test for equal medians led to no significant differences (p = 

0.7864). As of closeness centrality measurements, the data was logarithmically transformed, and one-

way ANOVA suggested inequality of means. Tukey’s post-hoc test indicated statistical differences 

between ferric chloride and ferric sulfate treatments (p = 0.0162), whereas no differences were found 

for the distance between nodes of O. cochenillifera when compared to the other treatments. This was 

an interesting element, as water clarification during flocculation, i. e. distinct macroflocs or even some 

particle settling, was not clear up to at least 15 minutes of slow mix for the natural coagulant. This 
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effect was visual for both ferric chloride and ferric sulfate at around 8 minutes of flocculation, 

suggesting similarities.  

Measures derived from graphs displayed in Fig. 5 may provide an idea of the series behaviors. While 

ferric chloride could suggest a cyclical pattern for z-average size, oscillating between increase and 

decrease in particle size, ferric sulfate (after 15 minutes) and O. cochenillifera present less variability. 

Although there is no significant difference in degree, the closeness measure of ferric chloride is the 

one that presents a very different distribution from the others (Fig. 6). This may probably be caused 

by its particle size curve as a function of time, since closeness relates to the proximity of a node to the 

other nodes in the network. 

Nevertheless, it must be noted that there are limitations in invasive PSD assessments, especially in 

sampling. As O. cochenillifera macroflocs present fibrous-like flocs (supplementary material), a 

common feature of natural-based coagulants (Miller et al. 2008; Subramonian et al. 2014), these were 

more easily avoided before subjecting samples to DLS. Here we infer this was compensated by early 

particle settlement for the metallic coagulants, leading to similar growth relationships between the 

nodes’ network. Related to the effects on coagulation performance of iron-based coagulants (Wang et 

al. 2000), differences between closeness centralities may relate to the distribution of Fe species. The 

inherent and uncontrolled shifts in iron (III) ion presence (Chen et al. 2015) may affect the paths 

between nodes and different aggregates may have been captured throughout sampling. 

It is worth noting that VG is a statistical physics technique, and usually attempts to elucidate patterns 

in large time series, common in financial analysis, for instance (Gonçalves et al. 2019). Here we have 

chosen a different perspective, applying VG to a small PSD time series, aiming to evaluate if there are 

any inferences that may be obtained from this approach. No behavior was generalized through the VG 

method, but results encourage future research applying VGs in floc size development. Here we suggest 

applying VG, for instance, in non-destructive floc growth assessment methods, as in imaging, which 
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should provide larger data sets and less variability in results than dynamic light scattering does for 

these test waters. 

Conclusions 

Shear rates and chemical conditions affect floc formation, which is strongly related to coagulation-

flocculation treatment efficiency. We explored operational conditions for treatability using metallic 

coagulants as well as a natural one and supported this fact by displaying different outputs in turbidity 

removal.  

Taking closer attention to floc development assessed by particle size distribution (PSD) through time 

as a parameter, we indicated that such analysis does not provide a clear picture of the flocculation 

process. We believe there are inherent limitations to intrusive methods as in ex situ dynamic light 

scattering (DLS), as well as the point that most macroflocs are neglected within this test.  

A Visibility Graph (VG) approach allowed insight onto the PSD time series considering the DLS test, 

but due to the aforementioned limitations, most inferences could not be scaled up to the treatability 

aspect. In addition, the small number of data points hindered interpretations on the series patterns. 

However, this does not exclude VG as a promising technique within the environmental and sanitation 

context but encourages further research on applying network analysis for regular and large time series. 
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Fig. S1. Details of the natural coagulant preparation: (a) Opuntia cochenillifera; (b) removal of 

cladodes and spines; (c) cactus cut into pieces; (d) incubator used for drying cacti at 60 °C; (e) aspect 

of O. cochenillifera pieces after 24 hours incubation and; (f) O. cochenillifera powder after sieving 

by 300 μm. 
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Fig. S2. Flocs formed during flocculation with ferric chloride: (a) view from outside the jartest 

apparatus; (b) upper view. 
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Fig. S3. Flocs formed during flocculation with O. cochenillifera: (a) view from outside the jartest 

apparatus; (b) upper view. 

 


