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Abstract: This study aimed to include in-situ microscopy in the analysis of floc development 14 

during coagulation-flocculation for drinking water treatment. To this end, jartest series were 15 

carried out for natural and synthetic waters using aluminium sulphate, sulphate chloride, ferric 16 

chloride, and Opuntia sp. as coagulants. Coagulation under optimized conditions was monitored 17 

by an in-situ microscope in conjunction with image analysis. Obtained results enabled some 18 

insights on the coagulation process. Images captured different stages of initial floc development, 19 

including flocs exhibiting heterogeneous, branched, and irregular surface structures. From image 20 

analysis, wide distributions of flocculated particle sizes were found for both natural (19–15834 21 

μm) and synthetic water (19–21607 μm), suggesting the occurrence collisions by adhesion and 22 

transport between particles, thus influencing floc formation rates depending on the medium. 23 
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Average size and number of flocs, as determined by the image analysis algorithm as a function 24 

of the time, showed inverse correlation of floc growth with water clarification. The microscopic 25 

images also illustrated how different coagulants in different water sources undergo breaking 26 

through fragmentation or erosion. Our findings also highlight the importance of investigating 27 

additional aspects that involve conditions of mixing, development, breaking, regrouping, and 28 

resistance of flocs. 29 

 30 
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 33 

1 Introduction 34 

Chemical coagulation is one of the first processes in water treatment plants and it consists 35 

of disturbing particles by adding a reactive coagulant, usually iron or aluminium salts. In contact 36 

with water, these salts originate hydrolysed species that are adsorbed by the colloidal particles, 37 

which are then destabilized, due to changes in the ionic strength of the medium [1,2]. In 38 

flocculating tanks, destabilized particles are slowly agitated for a relatively long time to increase 39 

the probability of collision between particles [3,4]. 40 

During flocculation, two mechanisms may occur: adhesion and transport. The former 41 

refers to the possibility of effective collisions between particles due to coagulation, and the latter 42 

is related to the agitation introduced into the medium (perokinetic flocculation, orthokinetic 43 

flocculation, and fluid movement) [3,4]. With the addition of new products by coagulation, the 44 

characteristics of the particles change as they interact with each other. These changes interfere on 45 

collision frequencies and particle growth, since they are a function of the size and concentration 46 
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of the particles in the medium, as well as surface charge, roughness, shear forces, among others 47 

[5]. The performance of coagulation and flocculation on water treatment will depend on factors 48 

as in the characteristics of the water source (e.g., pH, turbidity, true and apparent colour, 49 

temperature, particle sizes, dissolved organic matter), and operational factors such as coagulant 50 

dose, acidifying and alkalizing agents, and hydraulic characteristics [6]. 51 

Aluminium and ferric salts are the most used coagulants for drinking water treatment. 52 

These compounds are highly electropositive, form gelatinous compounds with positive charges, 53 

and react with negatively charged impurities, thus forming flocs. Some of the advantages of their 54 

application are their low cost and market availability, in addition to their known efficiency in 55 

removing colour and turbidity [4]. Aluminium-based coagulants have sulphate and aluminium 56 

chloride as their main representatives. The major factors that influence their performance are 57 

minimum pH of solubility, total aluminium concentration, and temperature [7,8]. Ferric 58 

coagulants are mainly represented by ferric chloride and sulphate, readily available in solid or 59 

liquid forms. However, it should be noted that there are also some disadvantages associated with 60 

chemical coagulants in general, such as the formation of by-products of coagulation, production 61 

of larger volumes of waste, presence of residual aluminium in the treated water, association with 62 

Alzheimer's disease, among other issues that raise public health concerns [9]. 63 

In this context, the use of natural coagulants is a rising option, mostly because they 64 

generate biodegradable residues that are easy to dispose of, in addition to their low associated 65 

cost [8,10]. Natural coagulants may be extracted from animals, microorganisms or plants, and act 66 

predominantly through the mechanisms of adsorption and neutralization of colloidal particle 67 

charges and formation of bridges. Their application has been considered promising in locations 68 
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where there is inefficient supply or deterioration of river water quality [9]. Besides, these 69 

products are considered easy to implement and efficient for water treatment [9].  70 

Among the species of plants that present coagulating properties, those of the Opuntia 71 

genus stand out. For domestic use, they are applied in the form of powder or pastes, and, when 72 

conditions are optimized, they become a practical and low-cost solution suitable for use in 73 

developing communities [10]. However, there is still no standard scientific methodology for 74 

identifying the active principles of coagulation by plant extracts. Moreover, literature lacks 75 

information regarding the toxicology of these products, better elucidation of the coagulation 76 

mechanisms, and low dissemination of the results regarding application of these coagulants [11], 77 

which encourages further investigation. 78 

The performance of coagulation and flocculation units, designed to destabilize and alter 79 

the size distribution of the colloidal particles, are related to the floc size [12]. Thus, changes in 80 

the shape, size, and volumetric distribution of the flocs directly influence treatment efficiency 81 

and may be dependent on the type of coagulant used [12]. It is common for studies to evaluate 82 

the efficiency of the coagulation and flocculation processes as a function of the concentration of 83 

particles in the medium and/or turbidity [13]. However, there is a need to monitor the process to 84 

assess other aspects of treatment, such as the influence of qualitative and quantitative aspects of 85 

the flocs, influencing the final quality of clarified water. 86 

Studies addressing the characterization of flocs in mass, volume or characteristic particle 87 

dimension have raised relevant discussions about the relationship between floc characteristics 88 

and treatment efficiency [14]. Other approaches have also been undertaken, such as analysis of 89 

viscosity, shape, texture, fractal dimension, solidity, and roughness [14]. Flocs are fragile 90 

structures formed by a considerable amount of water that can easily break by invasive 91 
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interferences, e.g., by pumps and agitation devices [15]. Due to these limitations, it is preferable 92 

to use non-invasive techniques to study flocs formed during coagulation and flocculation 93 

processes [6]. 94 

Several techniques have been proposed in literature for structural characterization of flocs 95 

using non-invasive measurements, as reviewed by Jarvis et al. [16]. These techniques have 96 

allowed researchers to study flocs by taking photographs of the suspensions through a camera 97 

and illumination sources placed on the external side of transparent vessels containing the 98 

suspension. However, subjectivity associated with experimental settings (e.g., camera position, 99 

focus adjustments, illumination intensity) in conjunction with special conditions to acquire 100 

images, including darkened rooms [6] and flow cells [17], make it difficult to establish a 101 

systematic fashion for image acquisition, which may ultimately result in inconsistences when 102 

analysing different systems. Besides, camera-based floc characterization methods monitor 103 

particle suspension at short distances (0.3 – 1 cm) behind the wall of the tank [16], which means 104 

that flocs must travel to reach the imaging plane and therefore intermediate floc development 105 

stages might not be captured. 106 

Accordingly, we propose to use an in-situ microscope to acquire images directly from 107 

suspensions to avoid subjectivities usually associated with experimental settings involving 108 

camera-based approaches, with the additional advantage of imaging much deeper floc 109 

suspensions. The proposed system was used to determine size distribution of flocs formed in 110 

different water matrices under optimized treatment conditions using chemical and natural 111 

coagulants. 112 

Although it is still an incipient approach in water treatment studies, technological 113 

advances in data processing combined with in-situ microscopy can allow advances in monitoring 114 
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and evaluation of the characteristics of particles and agglomerates [18]. Therefore, the 115 

motivation for this study arises from the need to better describe the process of floc formation, 116 

understanding how their physical characteristics (shapes and sizes) interfere in the efficiency of 117 

water treatment. To investigate the dynamics of floc formation and breaking, we used in-situ 118 

microscopy in conjunction with image analysis algorithms. The proposed system allowed 119 

assessing the size of flocs formed in two water matrices (natural and synthetic) under optimized 120 

treatment conditions using chemical and natural coagulants. 121 

 122 

2 Material and Methods 123 

2.1 Chemical coagulants 124 

Aluminium sulphate, ferric sulphate, and ferric chloride (Sigma Aldrich®) were applied 125 

as chemical coagulants. Dosages used in the preliminary treatability screening were: 10 to 60 mg 126 

L
-1 

for Al2(SO4)3, 5 to 65 mg L
-1

 for Fe2(SO4)3, and 5 to 65 mg L
-1

 for FeCl3. 127 

 128 

2.2 Natural coagulant 129 

The natural coagulant extracted from Opuntia cochenillifera was obtained by samples of 130 

the cactus obtained in the municipality of São Carlos (São Paulo State, Brazil). First, after 131 

removing spines, the cladodes were washed in running water and cut into approximately one-132 

centimetre fragments. The preparation of O. cochenillifera was based on Miller et al. [19] and 133 

Shilpa et al. [9]. Then, 0.5 kg of freshly prepared cladodes were placed in an oven lab at 60 °C 134 

for 24 hours. The dry material was crushed in a food processor and sieved at 300 μm. The 135 

retained material was crushed and sieved again. To avoid losing its properties, the powder was 136 

stored (<15 days) in a vacuum package and kept in the dark. Total and volatile solids were 137 
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quantified to estimate the amount of O. cochenillifera effectively measured in the treatability 138 

assays, according to APHA et al. [20]. The resulting powder was tested as a natural coagulant 139 

with dosages ranging from 10 to 60 mg L
-1

. 140 

 141 

2.3 Selection and preparation of water matrices 142 

Treatability assays were performed using two matrices: natural and synthetic water. The 143 

natural water was collected directly from Monjolinho River (São Carlos, São Paulo, Brazil), 144 

while the synthetic water was a mixture of groundwater water (from a well in São Carlos, São 145 

Paulo, Brazil) with 0.2 g L
-1

 of kaolinite (Sigma Aldrich®) and 3.3 mg L
-1

 of humic acid (Sigma 146 

Aldrich®). Reservoirs of 500 L and 200 L were used for water storage and homogenization, 147 

respectively. The reservoirs were disinfected with sodium hypochlorite (NaClO) before the tests’ 148 

beginning and capped to protect against external agents. 149 

Physicochemical characterization of both water (Table S1) was performed according to 150 

the following parameters: temperature, pH, turbidity, apparent colour, true colour, partial 151 

alkalinity, total alkalinity, dissolved organic carbon, electrical conductivity, and zeta potential 152 

[20]. 153 

 154 

2.4 Treatability assays 155 

Treatability tests were carried out on jartest (2 L). The definition of optimal coagulation 156 

conditions (dosage and pH of coagulation) was obtained from coagulation diagrams plotted on 157 

Microsoft® Excel software. Mixing parameters were set as recommended by Di Bernardo et al. 158 

[21], Miller et al. [19], and Souza Freitas and Sabogal-Paz [22]. The remaining values of colour 159 

and turbidity were recorded. After defining the dosage and pH of coagulation, we performed 160 
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tests to optimize the mixing conditions. For each coagulant, the best rapid mixing gradients, 161 

rapid mixing times, flocculation gradients, flocculation times, and sedimentation velocities were 162 

evaluated (Table 1). Optimal values were selected considering the lowest remaining turbidity 163 

value.  164 

 165 

Parameters Unit Chemical coagulants* Natural coagulant 

Rapid mixing gradient s
-1 

1020; 1000; 900; 800; 580 200; 250; 335; 380; 430 

Rapid mixing time  s 10; 15; 20; 30; 60 20; 30; 40; 50; 60 

Flocculation gradient s
-1 

15; 20; 25; 30; 35 20; 25; 30; 35; 40 

Flocculation time  min 25; 30; 35; 40; 45 10; 20; 30; 40; 45 

Sedimentation velocity cm min
-1 

3.0; 2.5; 2.0; 1.5; 1.0 2.0; 1.5; 1.0; 0.5; 0.25 

Table 1. Operating conditions assessed in treatability assays  166 

* Aluminium sulphate, ferric sulphate, and ferric chloride 167 

 168 

2.5 In situ microscopy  169 

A custom-built high-resolution (1.6 µm) in situ microscope was built to acquire 170 

microscopic images directly from suspensions. The instrument was inspired in the design 171 

presented by Suhr et al. [23]. Essentially, it is a brightfield microscope composed of a light 172 

source, objective lens (10, NA = 0.25), and a digital camera (SCA1400–17 gm, Basler, 173 

Ahrensburg, Germany, CCD-size 8.98 mm × 6.71 mm, 1392  1040 pixels, pixel size 6.45  174 

6.45 m
2
, bitmap, 8 bits). Based on the camera sensor size and used objective, the field of view 175 

of the imaging system is 0.66 × 0.88 mm
2
. From an external light source, pulsed lighting was 176 

produced by a red LED (628 nm, 10,000 mcd) positioned in front of a quartz window, which 177 
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separates the suspension from the objective lens. The 6-mm separation between the quartz 178 

window and the LED defines a virtual volume, in which the suspension flow through freely at 179 

different suspension agitation speeds, depending on the conditions of each system analysed. 180 

Due to the pulsed illumination, images of the objects that have gone through the virtual 181 

volume were registered by the camera, processed, and analysed by an image analysis algorithm 182 

developed on MATLAB. The gain, time of exposure of the camera, and pulse of illumination 183 

were experimentally defined according to the medium and the coagulant, by performing visual 184 

inspections of the acquired images. In conjunction with the length of the tube lens connecting the 185 

objective lens and the camera, the optical magnification was fixed at 100 for all systems 186 

analysed. Floc size distribution and the time evolution during the flocculation process were 187 

obtained by the developed image analysis algorithm. Due to the agitation of the suspension, the 188 

images of the flocs were distinct from each other. Therefore, they do not represent the 189 

morphological evolution of a particular floc. During the measurements, only flocs in focus were 190 

automatically selected by the algorithm for size and time-evolution analysis. 191 

For the experiments, the in-situ microscope was positioned at 5 cm below the jars’ water 192 

column at the closure of the rapid mixing step. 193 

 194 

2.6 Image analysis 195 

An image analysis algorithm was implemented using the MATLAB Image Processing 196 

Toolbox. Figure 1 shows the flowchart of the algorithm. 197 

 198 
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 199 

Figure 1. Flowchart of all operations of the image analysis procedure. 200 

  201 

The first step of the procedure consisted on processing the input image to facilitate the 202 

detection of objects: the contrast of the input image was enhanced by dividing the difference 203 

between each pixel intensity in the original image by the difference between the maximum and 204 

minimum pixel intensity in that image. Subsequently, the enhanced image was smoothed by a 7 205 

 7 median filter to reduce high frequency noise. Due to the illumination by an LED, the ISM 206 

images suffer from some vignetting, i.e., reduced brightness toward periphery compared to its 207 

center [24]. The intensity mean of the first 70 free-flocs images was used to normalize the 208 

brightness of the entire image to compensate for this effect.  209 

To find objects in the processed image, Sobel operation was computed [25]. By using 210 

intensity threshold to the Sobel transformed images, a binary image containing closed lines of 211 

connected white pixels on a black background is created. Short gaps in the lines of pixels were 212 

closed by a morphological dilation operation [25] using 3-pixel line structuring elements. 213 
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Subsequently, opening-by-reconstruction were applied to remove small groups of connected 214 

pixels, while preserving the overall shape of the objects.  215 

As in this step porous may still exist within objects, these were eliminated by applying 216 

the following sequence of operations: opening-closing by reconstructions, hole filling, 217 

morphological closing, and hole filling. In this step, objects larger than 500 pixels were 218 

discarded by the algorithm from further analysis because they are smaller than the expected size 219 

for flocs. Touching border objects were also removed in this step. 220 

Once the images were processed by the above-described procedure, the number of flocs 221 

was determined as being the number of objects within each resulting image. 222 

Finally, the Feret´s diameter was computed for each detected object. To this end, the code 223 

available in the Matlab Central File Exchange 224 

(https://www.mathworks.com/matlabcentral/fileexchange/30402-feret-diameter-and-oriented-225 

box) was used. Each pixel corresponds to a real length given by pixel size over magnification: 226 

 227 

𝐿𝑒𝑛𝑔𝑡ℎ 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑒𝑑 𝑏𝑦 𝑜𝑛𝑒 𝑝𝑖𝑥𝑒𝑙 =
6.45 µm

10
= 0.65 µm                        (1) 228 

 229 

2.6 Statistical analysis 230 

To test for a statistically significant difference in turbidity and true colour removal 231 

efficiencies considering the coagulant and water matrix types, the ANOVA and Tukey post hoc 232 

tests were performed in normally distributed data. Statistical analysis was carried out on 233 

Statistica 10 (TIBCO Software Inc.), and p-values were calculated at 5% significance level. 234 

 235 

 236 
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3 Results and Discussion 237 

3.1 Treatability assays 238 

Table 2 shows the efficiency of the coagulants in removing turbidity and true colour from 239 

natural and synthetic water. For natural water, Tukey's post hoc test indicated a significant 240 

difference (p < 0.05) in turbidity removal using O. cochenillifera when compared to aluminium 241 

sulphate and ferric sulphate. For synthetic water, Tukey test indicated a significant difference (p 242 

< 0.05) in the removal of turbidity using O. cochenillifera compared to the three chemical 243 

coagulants. Regarding true colour removal, statistical differences were observed among all 244 

coagulants for both types of water (p < 0.05), except for ferric coagulants treating natural water 245 

(p > 0.05).  246 

As our study, Baghvand et al. [4] indicated a better performance of ferric chloride in 247 

removing turbidity compared to aluminium sulphate. Yu et al. [26] reported greater efficiency of 248 

ferric coagulants compared to aluminium ones by the hydrolysis of Fe to reach equilibrium faster 249 

than that of Al. Due to this mechanism, larger flocs can be formed by iron hydroxide precipitate 250 

formation. On the other hand, for aluminium-based coagulants, small flocs are formed slowly, 251 

affecting the coagulation performance. Similar efficiency values were found by Yang et al. [27] 252 

when evaluating the performance of aluminium sulphate; these authors observed that the surface 253 

water had 94.5% of its initial turbidity removed by the scanning mechanism, with an optimal 254 

dosage of 15 mg L
-1

 and a coagulation pH of 7.73. 255 

 256 

 257 

 258 

 259 
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Coagulant 

Natural water Synthetic water 

Dose (mg 

L
-1

); pH 

Turbidity 

(NTU) 

True 

colour 

(HU) 

Dose (mg 

L
-1

); pH 

Turbidity 

(NTU) 

True 

colour 

(HU) 

Aluminium 

sulphate 

20; 7.09 97.6 ± 0.5% 

91.7 ± 

3.6% 

36; 6.36 99.5% 

97.7 ± 

0.5% 

Ferric sulphate 22.5; 6.91 97.6 ± 0.2% 100% 30; 6.04 99.4% 

99.6 ± 

0.8% 

Ferric chloride 15; 6.38 

84.7 ± 

12.7% 

100% 20; 6.24 99.4 ± 0.1% 

83.3 ± 

1.6% 

Opuntia sp. 20; 9.97 73.2 ± 0.6% 

85.2 ± 

0.5% 

30; 9.97 97.3 ± 0.3% 

20.9 ± 

2.4% 

Table 2. Efficiency of the coagulants used in removing turbidity and true colour from natural and 260 

synthetic water. The efficiency values are shown as mean ± standard deviation. 261 

 262 

Our treatability results for O. cochenillifera indicated that, despite acting on the removal 263 

of colour and turbidity, this coagulant is not recommended without preliminary treatment, or if 264 

used, a chemical coagulant in lower dosage should be added. Miller et al. [19] tested O. 265 

cochenillifera for treating water with different turbidities and reported turbidity removal of up to 266 

99%, however, remaining values ranged between 5 and 7 NTU, similar to our experiments. 267 

Shilpa et al. [9] also performed tests with O. cochenillifera in natural water, dosing 20 mg L
-1

 of 268 

the natural coagulant and noticed a reduction in turbidity from 83 to 9.1 NTU (89% efficiency), 269 

emphasizing the importance of maintaining the pH between 8 and 10.5. 270 
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3.2 In-situ microscopy analysis 271 

3.2.1 Natural water 272 

Figure 1 shows the time evolution of the formation of flocs through the application of 273 

different coagulants for the treatment of natural water. Images captured in seven periods of time 274 

illustrate the evolution of colloidal particles in sub-flocs and aggregates during flocculation. The 275 

images showed that the aggregate structure is a cluster of particles that form floc with irregular 276 

surface.  277 

 278 

Figure 2. Examples of in-situ floc images captured during the natural water flocculation process 279 

using different coagulants. Non-corresponding floc portraits are shown. The portraits were 280 

cropped from original images (1392  1040 pixels) by the algorithm. The values indicate the 281 

Feret's diameter. The difference in sharpness is due to the turbidity and water matrix studied 282 

(Scale bar = 50 µm). 283 

 284 
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As shown, flocs can be wide, porous, branched, and irregular-shaped structures. 285 

According to Chakraborti et al. [28], the heterogeneity of floc size and shape influences 286 

aggregation and breaking rates under different physical, chemical, and hydrodynamic aspects. At 287 

the early stages of the floc formation (Figure 2), small particles (diameters ranging from 25 to 33 288 

μm) were dispersed in the medium. Over time, these particles were covered by the precipitate 289 

and intertwined to form larger flocs of different shapes.  290 

Turchiuli and Fargues [15] observed that floc structure was formed by three basic units: 291 

cluster (or group), aggregate, and floc per se. The authors found that, at the beginning of 292 

coagulation process, floc diameters achieved values between 2 and 21 μm, forming clusters. 293 

Through the agglutination process with the addition of the flocculation aid, single flocs quickly 294 

evolved to aggregates (diameter between 32 - 50 μm), which remained during flocculation. Once 295 

the process was finished and flocs began to settle, they formed aggregates up to 1160 μm in 296 

diameter, thus composing the settling sludge at the end of the primary water treatment. These 297 

authors attributed the flocs’ growth with flocculation aid, as due to the high gradients of rapid 298 

mixing, so that the flocs are unable to develop dimensions larger than 21 μm. 299 

The purpose of the rapid mix was to promote reactions between the coagulants and 300 

impurities. As in the present study images started to be captured after coagulation, what can be 301 

seen in the first records are clusters, but with dimensions greater than 21 µm. Even without the 302 

addition of flocculation aids, the aggregates reached up to 244 µm in diameter. To form flocs, 303 

these particles can also adhere to long natural polymer chains that also form flocs with 304 

heterogeneous shapes, as seen in the flocs formed using a natural coagulant (Figure 2). Due to 305 

this increase in diameter (Figure 2), a reduction in the number of particles was also observed, 306 

being an indication that particles’ aggregation was occurring to form larger flocs. Moreover, 307 



16 
 

according to Lapointe and Barbeau [13], the diameter of the flocs impacts water treatment more 308 

than their density and shape. Therefore, the relative frequency of flocs of different diameters for 309 

each tested coagulant was obtained. This is displayed in Figure 3, which provides an idea of a 310 

size distribution function. Y-axis displays the relative frequency (%), and the x-axis classifies 311 

flocs formed by each coagulant in size groups based on Feret’s diameter.  312 

 313 

Figure 3. Relative frequency of flocs (Feret's diameter range) formed during flocculation of the 314 

natural water. The results were obtained by evaluating 500 images for each coagulant 315 

 316 

Specifications of aggregates formed in natural water for the different coagulants are 317 

provided in the Supplementary Material (Table S2). Feret’s diameter in the range 20 - 200 μm 318 

represented 90% of the diameters analysed in the natural water matrix. Considering a 319 
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conventional water treatment plant in which filtration is included, it should be noted that 320 

particles between 1 and 10 μm are challenging to be removed in filter media. That is because 321 

they can pass directly to the final stage, detach from the filter, or overload them [29]. In our 322 

study, flocs had dimensions larger than 10 μm at the beginning of the flocculation, which might 323 

contribute to longer operating times for filters in further stages of treatment. On the other hand, 324 

wide distribution in aggregate sizes (peaks between 41 and 50 μm for ferric coagulants and O. 325 

cochenillifera and between 31 and 40 μm for aluminium sulphate) was observed (Figure 3). 326 

Diversity of forms favours the occurrence of several collisions between aggregates, and it also 327 

influences the different rates of formation and rupture of flocs, which occur under different 328 

physical-chemical and hydrodynamic conditions. According to Turchiuli and Fargues [15], a 329 

larger number of collisions allows greater structural reorganization of the flocs and compaction 330 

of the structure as it expels water trapped internally in the structure. We noticed that diameters 331 

varied between 19 and 10839 μm (Table S2), highlighting similarities and differences between 332 

chemical and natural coagulants.  333 

Chemical coagulants acted by the scanning mechanism and showed greater efficiency in 334 

removing colour and turbidity from natural water. According to Duan and Gregory [30], the 335 

formation of larger aggregates by the scanning mechanism occurs due to the increase of solids’ 336 

concentration with the formation of precipitates. Moreover, we observed that ferric coagulants 337 

contributed to form flocs larger than the aluminium sulphate coagulant (Figure 2), similarly to 338 

the findings of Jarvis et al. [31]. Considering dissolved organic carbon (DOC), the low 339 

proportion of DOC:Fe for ferric sulphate (0.32) and ferric chloride (0.16) explains the good 340 

performance of ferric coagulants and the formation of large flocs, as studied by Jarvis et al. [16]. 341 

These authors noticed that, when the value of this ratio is high, interactions between carbon and 342 
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the floc matrix affect floc structure. On the other hand, it was expected that O. cochenillifera, by 343 

acting through the adsorption and bridging mechanisms, would form flocs with larger 344 

dimensions. Nevertheless, due to the flocs being larger and containing more water, the mass 345 

distribution was affected, which may have resulted in a lower sedimentation capacity and 346 

removal efficiency. 347 

Knowing that flocs with extreme sizes end up interfering in the final values of the 348 

average diameter, we observed differences in the average size of flocs and number of flocs by 349 

analysing the generated peaks (Figure S1). The curves reached their maximum value when the 350 

diameter or the number of flocs increased sharply, while the valleys followed the peaks, where 351 

the lowest values were observed. For aluminium sulphate, the maximum mean values obtained 352 

by the flocs were 116, 122, and 133 μm, followed by minimum values 80 and 95.5 μm, similarly 353 

to Lapointe and Barbeau [13]. In addition, we observed that the largest number of flocs occurred 354 

at the beginning of the flocculation when the size of the flocs was trending towards a valley 355 

moment. 356 

In contrast, treatment with ferric sulphate reached higher peaks than the one with 357 

aluminium sulphate, with 155 and 173.5 μm (maximum) and 90 and 93 μm (minimum), similar 358 

to findings obtained by Jarvis et al. [31]. Besides, ferric chloride assays indicated an increase in 359 

the average size of the flocs, which contributed to the formation of increasingly larger 360 

aggregates, while the decrease in the number of flocs reflected the occurrence of water 361 

clarification. On the other hand, the natural coagulant extracted from O. cochenillifera resulted in 362 

flocs of varying sizes and numbers. This can be explained by the concentration of organic matter 363 

in the medium and within the natural coagulant itself, providing weak associations. In 364 

applications with chemical coagulants, the organic matter involves colloidal particles preventing 365 
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the action of inorganic salts or forming flocs of smaller diameters [16]. These variables can 366 

interfere on the operating time of slow filters, because of the low resistance of the aggregates to 367 

hydrodynamic fluctuations [32]. 368 

 369 

3.2.2 Synthetic water 370 

Figure 4 shows the temporal evolution of flocs through the application of different 371 

coagulants on synthetic water. The images captured at the beginning of flocculation indicated 372 

that the formation of the aggregates occurred since coagulation, once initial diameters had values 373 

larger than those of kaolinite particles (i.e., the only suspended reagent that could be found in 374 

this matrix). Ombaka [33] reported that kaolinite particles varied between 0.2 and 12 μm and Sun 375 

et al. [17] found values ranging between 3.9 and 11.5 μm. According to Sun et al. [17], particle 376 

size was proportional to turbidity. As in natural water, flocs formed in synthetic water presented 377 

temporal evolution in size. Initial particles of up to 48 μm developed until reaching up to 265 µm 378 

in diameter. As aggregation occurred, under different physical, chemical, and hydrodynamic 379 

aspects, large, porous, branched, and irregular flocs were observed (Figure 4). Floc shape was 380 

elliptical. The flocs did not obey Euclidean Geometry, in which, there is a uniform distribution 381 

of mass on aggregates [28]. 382 

In the first images (Figure 4), it is possible to notice clusters of continuous evolution 383 

during flocculation, with diameters ranging from 48 μm to 265 μm. Similar to what was 384 

observed in the analysis of floc development in natural water, the concentration of primary 385 

particles in the medium decreased due to the formation of aggregates. However, the synthetic 386 

matrix showed high turbidity due to the presence of kaolinite to the medium. Besides, at the end 387 

of the treatment, the precipitates were possibly constituted by the amorphous form of the 388 
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chemical coagulants, such as aluminium hydroxide, with kaolinite particles being randomly 389 

distributed by their structure. The same statement cannot be applied to flocs formed using natural 390 

coagulants or treatment of natural water, since the heterogeneous composition requires specific 391 

analyses and methodologies. Just as Yu et al. [26] reported the dependence of floc properties 392 

related to the type of coagulant, the acquired images illustrated that coagulation and mixing 393 

conditions, coagulation mechanisms, and water matrix characteristics also influenced the 394 

development of the flocs. 395 

 396 

 397 

Figure 4. Examples of in-situ floc images captured during the synthetic water flocculation 398 

process using different coagulants. Non-corresponding floc portraits are shown. The portraits 399 

were cropped from original images (1392  1040 pixels) by the algorithm. The values indicate 400 

the Feret's diameter. Difference in sharpness refers to turbidity and the water matrix under study 401 

(Scale bar = 50 µm). 402 
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The relative frequency of flocs of different diameters for each coagulant tested treating 403 

synthetic water was also determined (Figure 5). Although flocs reached larger diameters in the 404 

synthetic matrix, 90% of the diameter values were between 20 and 200 μm. Among the 405 

coagulants, ferric chloride and ferric sulphate resulted in a larger concentration of flocs with 406 

diameters between 41 and 50 μm, and aluminium sulphate and O. cochenillifera between 31 and 407 

40 μm. Because it presented larger turbidity and, consequently, more dispersed particles within, a 408 

larger particle size distribution was expected for this test water. This was confirmed by the 409 

variation in the floc diameters (19 - 21607 μm, Table S3) in our assays. This larger interval is the 410 

result of larger numbers of collisions between particles, between particles and clusters, and 411 

between clusters [34]. These flocs are expected to be more compact than those formed by natural 412 

water due to the number of collisions. Compact flocs have higher sedimentation velocities 413 

compared to more porous flocs with the same volume and constitution [12]. 414 
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 415 

Figure 5. Relative frequency of flocs (Feret's diameter range) formed during flocculation of the 416 

synthetic water. The results were obtained by evaluating 500 images for each coagulant.  417 

 418 

Resembling the assays with natural water, ferric coagulants resulted in flocs up to 2-fold 419 

larger than those formed by aluminium sulphate; this same behaviour was observed by Turchiuli 420 

and Fargues [15], who compared ferric and aluminium-based coagulants. Flocs formed using 421 

ferric chloride and ferric sulphate showed an average diameter of 170 μm and 145 μm, 422 

respectively. Besides, it was expected that O. cochenillifera would lead to larger flocs, but 423 

differently from the assays using the natural water matrix, the natural coagulant on synthetic 424 

water pointed to a larger variation and heterogeneity of floc size. However, the average floc 425 

diameter using natural coagulant was the smallest among the coagulants treating synthetic water. 426 
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Differences in the average size of flocs and number of flocs were observed when 427 

analysing the generated peaks (Figure S2). During the initial 2.5 minutes of the aluminium 428 

sulphate assays, we observed that the number of flocs declined. Meanwhile, despite the curve 429 

indicating rupture of the flocs at the end, we noted significant evolution in the average size of the 430 

flocs over time, making the synthetic water clarified. Regarding ferric sulphate, a decrease in 431 

number of particles was also observed, however, this behaviour might not have been caused by 432 

the formation of larger aggregates. As the application of ferric sulphate provided removal of 433 

turbidity and apparent colour larger than 99 and 88%, respectively, it was observed that, in less 434 

than 5 minutes of flocculation, the imaged flocs reached sizes much larger than the field of view 435 

of the imaging system. To avoid inaccurate measurements, they were discarded by the algorithm 436 

from further analysis. 437 

 By analysing the evolution of flocs in assays using ferric chloride, we noticed that floc 438 

size increased in almost 6-fold the initial average value, exhibiting a diameter of 473 μm. This 439 

constant increase in size was accompanied by a decrease of approximately half of the average 440 

number of flocs from the liquid medium. This pattern is consistent with the high and satisfactory 441 

removal performance of colour and turbidity obtained. Previously, in assays using O. 442 

cochenillifera, inconsistencies such as irregular growth and decrease trends were observed, 443 

which made it difficult to interpret the relationships between the increasing aggregate size and 444 

the water clarifying process [9]. 445 

 446 

4. Conclusion 447 

The in-situ microscopy technique allowed obtaining images of the initial development of 448 

flocs, as well as to determine their size distributions, and to evaluate their formation and 449 
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breaking along the flocculation process. Through the captured images, we observed 450 

heterogeneity of flocs’ size and shape. Size distribution was found to be wider in synthetic water 451 

(19 - 21607 μm) than in natural water (19 - 15834 μm), favouring the occurrence of shocks and 452 

collisions in the medium, which were responsible for floc formation and development. When 453 

comparing the two water matrices, these results showed the influence of the initial concentration 454 

of particles on floc development. With a higher concentration of particles in the matrix, due to 455 

the addition of kaolinite, observed aggregates in synthetic water for all coagulants were higher 456 

than those obtained in natural water. 457 

Overall, our results assisted elucidating the complexity of evaluating floc formation in 458 

different water systems. Distinct types of coagulants, mixing conditions, use of alkalinizers, 459 

presence or absence of organic matter, test durations, among other factors must be analysed in 460 

detail, to complement the results obtained from this study. Due to the use of a fixed optical 461 

magnification, the in-situ microscopy did not allow us to evaluate floc development along the 462 

complete flocculation process, demonstrating some limitations of the technique in the present 463 

conditions. It should also be noted that the success of the coagulation treatment, as well as floc 464 

development, do not depend on isolated factors, such as dosage and pH. Other aspects involve 465 

mixing conditions, the formation (and general characteristics) of sludge, breaking and regrouping 466 

of flocs, and resistance, for example, also interfere on the efficiency of the water treatment. This 467 

invites further research to better elucidate in-situ microscopy for floc development and/or water 468 

treatment monitoring, including said factors, as well as challenging contaminants and other 469 

coagulants, both conventional and new. 470 

 471 

 472 
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 Natural water Synthetic water 

Coagulant* AS FS FC OC AS FS FC OC 

Temperature (°C) 23 22 21 21 21 21 24 23 

Turbidity (NTU) 

0.26 ± 

0.05** 

0.26 ± 

0.03 

0.17 ± 

0.01 

5.67 ± 

0.18 

0.60 ± 

0.02 

0.71 ± 

0.02 

0.66 ± 

0.16 

3.17 ± 

0.42 

Apparent colour 

(uH) 

3.20 ± 

0.69 

5.53 ± 

2.16 

2.93 ± 

0.75 

25.83 ± 

2.57 

3.63 ± 

0.06 

7.17 ± 

1.25 

11.27 ± 

0.35 

32.93 ± 

0.83 

True colour (uH) 

1.40 ± 

0.60 

0.00 ± 

0.00 

0.00 ± 

0.00 

8.53 ± 

0.25 

0.67 ± 

0.15 

0.13 ± 

0.23 

4.97 ± 

0.46 

23.50 ± 

0.72 

Electric 

conductivity (μS 

cm
-
²) 

86.55 ± 

1.07 

94.48 ± 

1.36 

67.15 ± 

0.62 

107.92 ± 

1.09 

77.35 ± 

1.03 

100.64 ± 

1.36 

68.94 ± 

0.84 

156.60 ± 

63.53 

Partial alkalinity 

(mg CaCO3 L
-1

) 

8.44 ± 

0.27 

14.79 ± 

0.67 

4.99 ± 

0.31 

36.98 ± 

0.77 

12.03 ± 

0.96 

9.35 ± 

0.57 

8.02 ± 

0.71 

63.53 ± 

2.15 

Total alkalinity (mg 

CaCO3 L
-1

) 

12.12 ± 

0.67 

20.14 ± 

0.86 

9.00 ± 

0.31 

44.02 ± 

1.11 

6.5 ± 

0.56 

2.74 ± 

0.43 

3.56 ± 

0.16 

73.24 ± 

1.93 

Zeta potential (mV) 

-19.40 ± 

4.25 

-23.53 ± 

4.03 

-16.17 ± 

2.42 

-29.57 ± 

3.86 

-18.43 ± 

6.99 

-11.87 ± 

10.38 

-17.19 ± 

7.99 

-30.26 ± 

2.12 

DOC (mg L
-1

) 

2.96 ± 

0.20 

2.52 ± 

0.20 

1.25 ± 

0.82 

5.59 ± 

0.28 

1.60 ± 

0.06 

1.28 ± 

0.21 

1.90 ± 

0.05 

2.96 ± 

0.20 

Table S1.  Physicochemical characterization** of clarified water after performing jar test assays 

(*) AS = Aluminium sulphate; FS = Ferric sulphate; FC = Ferric chloride; OC = Opuntia cochenillifera; DOC = 

dissolved organic carbon. 

(**) The results are presented as M ± SD. where M = mean; SD = standard deviation 
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Coagulant 

Mean Feret’s 

Diameter 

(µm) 

Standard 

deviation 

(µm) 

Median 

(µm) 

Minimum 

value (µm) 

Maximum 

value (µm) 

Ferric chloride 108.05 2.13 60 21 10839 

Aluminium sulphate 101.26 11.78 52 19 4806 

Ferric sulphate 108.44 3.26 59 21 15834 

Opuntia sp. 126.85 9.82 69 20 8643 

Table S2. Characteristics of aggregates formed in natural water using in-situ imaging technique. 620 
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 622 

Coagulant 

Mean Feret’s 

Diameter 

(µm) 

Standard 

deviation 

(µm) 

Median 

(µm) 

Minimum 

value (µm) 

Maximum 

value (µm) 

Ferric chloride 169.63 2.48 78 20 20524 

Aluminium sulphate 86.70 15.20 53 19 7195 

Ferric sulphate 144.96 5.12 71 21 19967 

Opuntia sp. 96.64 15.41 54 21 21607 

Table S3. Characteristics of aggregates formed in natural water using in-situ imaging technique. 623 
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 636 

Figure S1. Floc growth in natural water. a) aluminium sulphate; b) ferric sulphate; c) ferric 637 

chloride; d) Opuntia sp. 638 
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 639 

Figure S2. Floc growth in synthetic water. a) aluminium sulphate; b) ferric sulphate; c) ferric 640 

chloride; d) Opuntia sp. 641 
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