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Abstract: This paper presents the outcomes of tests of aggregates obtained from pulp and paper industry 
wastewater treatment using the electrocoagulation method. The test wastewater was treated on a laboratory scale 
with a recirculation system. Along with the wastewater treatment parameters, the fractal properties of the obtained 
aggregates were determined and their size was specified. The following wastewater parameters were tested: COD, 
turbidity and colour. For the conducted process, the fractal dimensions fell within the range of 1.30-1.70 at 0.1 A 
current. The applied current and electric charge flowing through the solution determined the efficiency of 
wastewater treatment, and impacted the structure, size and fractal dimensions of the obtained aggregates. 
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Introduction 

Electrocoagulation is an alternative wastewater treatment method used if the chemical 
coagulation method fails, or cannot be efficiently applied [1]. This process is efficient for 
removing i.e. suspensions, heavy metals or colour [2]. It is applied by researchers for 
treating wastewater from the textile industry [3, 4], baking industry [5], pulp and paper 
industry [6], or theoretical models [7]. However, wastewater treatment creates an additional 
problem  of  rational management of the resulting sludge.  

Fractal dimension is the perfect tool in the form of an additional parameter 
characterising sludge aggregates produced by wastewater treatment. The parameter 
describes the complexity of fractals, i.e. self-similar objects where parts have the same 
shape as the whole. The sludge structure is highly dependent on the applied wastewater 
treatment process. Therefore, the coagulation-flocculation [8] itself or the 
electrocoagulation method may have permanent impact on the resulting  
aggregates-particles.  

Therefore, there is a need for studies on the characteristics of sludge aggregates using 
new parameters that can be used for monitoring the production of sludge in the wastewater 
treatment process.  

Materials and methods 

Model wastewater treatment using electrocoagulation in a recirculation system was 
tested [9]. The model wastewater was obtained in a laboratory, with composition and 
properties similar to natural pulp and paper wastewater. The initial parameters of 
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wastewater undergoing electrocoagulation were: colour - 1295, turbidity (TU) = 365, 
suspension solids (SS) - 140, chemical oxygen demand (COD) = 1190 mg∙dm–3.  

Conducting the study on model wastewater ensured high repeatability of properties and 
parameters of the analysed process. Studying the treatment process of model wastewater 
with composition similar to pulp and paper wastewater, using the electrocoagulation 
method, enabled better planning and repeatability of experiments. 

Wastewater was treated using the electrochemical coagulation process in a continuous 
recirculation system. This method increased the potential for contact between the particles 
of the metal hydroxide produced in the system during the process, and the deleterious 
matter absorbed into it. Planning the process this way also ensured control over the 
treatment process of wastewater undergoing electrocoagulation. 

The electrocoagulation process was conducted using apparatus illustrated in Figure 1. 
 

 
Fig.1. The schematic of the laboratory recirculation system for wastewater electrocoagulation:  1 - dosing pump, 

2 - electrolyser with aluminium electrodes, 3 - control system, 4 - wastewater tank, 5 - magnetic stirrer,  
6 - pH-meter, 7 - 1M HCl 

 
The tested wastewater from a tank (4) was pumped continuously by the dosing pump 

(1) into the electrolyser and then back to the tank. The treatment process took place in the 
electrolyser (2) containing 6 aluminium electrodes. The electrodes were arranged in such 
way as to ensure the highest contact with the wastewater flow. To prevent the sludge 
produced in the process from settling on the bottom of the tank, the wastewater was stirred 
using a magnetic stirrer (5), which ensured that the produced sludge was pumped together 
with the wastewater. A proprietary (3) control and power supply system was used. The 
system provided a constant current value of I = 0.1 A and appropriately variable voltage.  

During electrocoagulation of wastewater, the processes occurring in the solution alter 
the pH value of the wastewater, which in turn impacts the whole wastewater treatment 
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process, depending on the applied electrodes and the initial pH value of the solution.  
In order to prevent significant fluctuations of those values during the process, the pH value 
was controlled using a pH-meter (6), and a burette dosing HCl solution was installed (7). 
Using hydrochloric acid, the pH value of the wastewater (6) was adjusted as needed to ca. 
5.6-6.0. Since the minimum solubility of the produced aluminium hydroxide occurs in the 
pH range of 5.6-5.8, conducting the process in that pH range ensured maximum treatment 
of the wastewater, with minimal Al residue in the effluent.  

Samples for analysis were collected from above the sludge after 1 h of sedimentation. 
The following basic wastewater parameters were determined in the samples: COD, 
turbidity, suspension and colour. Fractal dimension of the obtained aggregates was 
determined using the photographic method. For this reason, the slump of 140 aggregates in 
a column with distilled water was photographed. The obtained image was used to measure 
the actual dimension of particle R and determine the slump rate of particles v.  

During the sludge aggregate analysis, the particles were described using mass fractal 
[8]. Dimension D of each fractal is determined from the following correlation:  

 m(R) ~ RD (1) 

where: m(R) - suspension particles mass, R - linear dimension of particle.  
Density d of a mass fractal with dimension Dm is a function of distance from its centre: 
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Fractal dimension (size) is the key parameter of the fractal. The following logarithmic 
correlation was derived: 

 log d ~ f (log R) (3) 

and from the gradient of the resulting curves the fractal dimension Dm was obtained 
(identified as D in further study). 

Results 

Presented below are the outcomes of wastewater analysis obtained at two different 
stages of treatment. In the process, the basic parameters of wastewater undergoing 
electrocoagulation and the obtained sludge were studied basing on the following values:  
I - 39.98 % and II - 47.58 % removal of COD.  

 
Table 1 

Specific parameters of wastewater and sludge aggregate obtained at different stages of treatment 

No. 
Removal [%] 

D 
 

R 
[mm] 

v 
[mm·s–1] ChZT 

[mg/dm3] 
TU 

[mg/dm3] 
Colour 

[mg/dm3] 
SS 

[mg/dm3] 
I 39.98 51.78 49.32 27.58 1.30 0.01-0.48 0.08-0.26 
II 47.58 96.98 96.46 89.28 1.72 0.19-0.85 0.16-0.94 

 
The planned method of wastewater treatment using electrocoagulation in  

a recirculation system proved to be an efficient treatment method. With the applied current 
of I = 0.1 A, a 47.58 % removal of COD was achieved, and thus very high (over 90 %) 
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removal of turbidity - TU and colour, and nearly similar removal of suspensions - SS 
(Table 1).  

For lower COD removal values (ca. 39 %), the obtained sludge aggregates were 
characterised with lower fractal dimension D, i.e. 1.30. Larger fractal dimension, i.e. 1.72, 
was determined for sludge aggregates obtained on the final stage of treatment, when the 
actual dimension R of aggregates was larger and the slump rate v was higher.  
The logarithmic correlation log d ~ f (log R), necessary for determining D, is illustrated on 
Figures 2 and 3.  

 

 
Fig. 2. Logarithmic correlation between density and actual dimension COD removal 38.98 %  (I) 

 

 
Fig. 3. Logarithmic correlation between density and actual dimension COD removal 47.58 % (II)  

 
The fractal dimension is virtually the only method of quantitative description of object 

irregularity or degree of rippling. On the diagrams (Figs. 2 and 3), the self-similarity of the 
given group of particles was documented statistically and the correlation factors were 
determined. Next, the fractal dimension D was determined. The differences between the D 
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values of the studied structures were probably attributable to the degree of treatment of 
wastewater, and may indicate the appropriate process mechanism that was responsible for 
the production of a specific sludge.  

The D value can determine the degree to which a given space is filled with matter. 
Higher D values, indicating tightly packed aggregates-particles, should produce sludge that 
can be easily separated from the liquid phase of the treated wastewater. Such sludge should 
be sensitive to dewatering in various types of presses.  

 

 
Fig. 4. Percentage of aggregates in sludge depending on their actual size I: D = 1.30 v: 0.08-0.26 mm·s–1 

 

 
Fig. 5. Percentage of aggregates in sludge depending on their actual size II: D = 1.72 v: 0.16-0.96 mm·s–1 

 
Figures 4 and 5 illustrate the percentage distribution of aggregates of a given size in 

the sludge. The aggregates obtained from recirculation treatment were characterised by  
a small actual size, falling within the range of 0.1-0.6 mm. For lower D values, i.e. 1.30, 
smaller aggregates were obtained, which also exhibited lower slump rates v. The majority 
of those aggregates were 0.1 to 0.3 mm. For D value of 1.72, aggregates with even size 
distribution of 0.2-0.5 mm were obtained. In that case, the aggregate size was also small. 
The size of the obtained aggregate was certainly related to the nature of the process.  
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The sludge and the solution were continuously pumped through the electrolyser, which 
made it impossible for larger aggregates to form. 

Conclusions 

Wastewater electrocoagulation in a recirculation system produced positive treatment 
results, expressed by 47.58 % treatment of wastewater, over 90 % removal of turbidity and 
colour, and almost 90 % removal of colour. The sludge aggregates obtained from the 
recirculation exhibited fractal properties and were composed of small-sized objects.  
The wastewater treatment degree determined the fractal dimension D.  
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AGREGATY OSADU ŚCIEKOWEGO UZYSKANE PODCZAS 
ELEKTROKOAGULACJI W SYSTEMIE RECYRKULACYJNYM 

Katedra Chemii, Wydział Kształtowania Środowiska i Rolnictwa, Uniwersytet Warmińsko-Mazurski, Olsztyn 

Abstrakt:  W pracy przedstawiono efekty badań agregatów uzyskanych w wyniku oczyszczania ścieków 
celulozowo-papierniczych metodą elektrokoagulacji. Modelowe ścieki oczyszczano w laboratoryjnej skali, 
używając systemu recyrkulacyjnego. Wraz z wyznaczeniem parametrów oczyszczania ścieków określano 
właściwości fraktalne otrzymanych agregatów i oznaczano ich rozmiar. Badano takie parametry ścieków, jak: 
ChZT, mętność, barwę. Dla tego procesu uzyskane rozmiary fraktalne mieściły się w przedziale 1,30-1,72 przy 
natężeniu prądu 0,1 A. Zastosowane natężenie prądu oraz ładunek elektryczny przepływający przez roztwór 
wyznaczały efektywność oczyszczania ścieków i wpływały na strukturę, wielkość i rozmiar fraktalny otrzymanych 
agregatów. 

Słowa kluczowe: agregaty, rozmiar fraktalny, elektrokoagulacja, ścieki celulozowo-papiernicze 


