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ABSTRACT

In this work, the removal of salicylic acid (SA) by electrocoagulation in a batch system was evaluated using aluminum (Al) and iron
(Fe) electrodes. The experimental parameters evaluated were distance between electrodes, current density and electrocoagulation time.
The results revealed that SA removal increased with increasing current density and electrocoagulation time. The minimum
electrocoagulation time required to achieve 90% removal of the SA using the Fe electrode was 20 minutes in the CD condition 38.9
mA.cm2 and DE 3 and 1 cm for the aluminum electrode occurs in the operating time of 40 minutes (CD 38.9 mA.cm-2 and DE 1 cm).
The results showed that, in all the studied conditions, the EC is efficient.

Keywords: Chemical Coagulation. Wastewater, Pharmaceuticals.

Efeito da distancia entre eletrodos e densidade de corrente na remocéo de acido salicilico em
um reator de eletrocoagulacao

RESUMO

Neste trabalho, avaliou-se a remogdo de acido salicilico (AS) por eletrocoagulacdo em sistema batelada, utilizando eletrodos de
Aluminio (Al) e Ferro (Fe). Os parametros experimentais distancia entre os eletrodos, densidade de corrente e tempo de
eletrocoagulagdo foram avaliados. Os resultados revelaram que a remocéo de AS aumentou com o aumento da densidade de corrente
e do tempo de eletrocoagulagdo. O tempo minimo de eletrocoagulagdo necessario para atingir 90% de remog¢do do AS utilizando o
eletrodo de Fe foi de 20 minutos na condigédo DC 38.9 mA.cm? e DE 3 e 1 ¢cm para o eletrodo de aluminio ocorre no tempo operacional
de 40 minutos (DC 38.9 mA.cm* e DE 1 cm). Os resultados mostraram que, em todas as condicdes estudadas, o a EC ¢é eficiente.
Palavras-chave: coagulacdo quimica, aguas residuais, farmacos.

Palavras-Chaves: Coagulacdo Quimica, Aguas Residuais, FArmacos.

Efecto de la distancia del electrodo y la densidad de corriente en la eliminacion de acido
salicilico en un reactor de electrocoagulacion

RESUMEN

En este trabajo se evalu6 la remocién de acido salicilico (SA) por electrocoagulacion en un sistema discontinuo, utilizando electrodos
de Aluminio (Al) y Hierro (Fe). Se evaluaron los parametros experimentales distancia entre los electrodos, densidad de corriente y
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tiempo de electrocoagulacion. Los resultados revelaron que la eliminacion de EA aument6 con el aumento de la densidad de corriente
y el tiempo de electrocoagulacion. El tiempo minimo de electrocoagulacion requerido para lograr la eliminacion del 90% de AS
utilizando el electrodo de Fe fue de 20 minutos en la condicién DC 38.9 mA.cm-2'y DE 3y 1 cm para el electrodo de aluminio ocurre
en el tiempo de operacién de 40 minutos (DC 38.9 mA.cm-2 y DE 1 cm). Los resultados mostraron que, en todas las condiciones
estudiadas, la CE es eficiente. Palabras clave: coagulacién quimica, aguas residuales, productos farmacéuticos.

Palabras clave: Coagulaciéon Quimica, Aguas Residuales, Productos Farmacéuticos.

1. Introduction

In recent years, the presence of pharmaceutical compounds in wastewater has generated notable concern
worldwide since the monitoring of these substances is insufficient. The incessant increase in the production
and consumption of pharmaceutical products each year has progressively contributed to environmental
pollution (Jindal, 2014). Ingestion and subsequent metabolism of drugs can result in the excretion of harmful
metabolites, both for humans and for the environment (Chen et al., 2019b; Verlicchi et al., 2012).

Pharmaceutical products that have the potential to exist as pollutants in the environment through
prescribed and/or consumed medication are those used to treat common short-term diseases, such as a common
cold, fever and headaches. These drugs have a high propensity to contaminate the environment, as their high
use facilitates continuous release into the environment, either through unused drugs or by excretion of
consumed drugs (Jindal et al., 2014).

Among the substances widely found in wastewater, salicylic acid (SA) stands out, being the main
molecule derived from the metabolism of acetylsalicylic acid (ASA), one of the most commercialized non-
steroidal anti-inflammatory drugs worldwide. Being mostly excreted in the urine, the SA is directed to the
sewage networks, thus becoming a potentially dangerous contaminant (Ozyonar et al., 2016; Rang & Dale,
2011).

The capacity of sewage treatment plants to eliminate drugs and their metabolites varies in relation to the
chemical character of the pharmaceutical product and the number and types of processes that occur in the plant.
The passage of pharmaceutical products through sewage treatment plants can result in pollution of surface and
groundwater. If this pollution is transferred to drinking water, involuntary medication in low doses will occur
in large population groups, thus compromising public health (Wennmalm et al., 2005).

Due to their chemical specificity, each pharmaceutical product requires a degradation technique
exclusively designed for its complete destruction. As waste management plants use generalized degradation
techniques, many pharmaceutical products are therefore not completely destroyed and/or removed (Jindal et
al., 2014; Vera-Candioti et al., 2008).

Among the wastewater treatment alternatives, electrocoagulation (EC) has emerged in recent years as a
promising single or combined process, post or pre-treatment, with biological processes and other industrial
wastewater treatment processes (Al-Qodah, 2019). The method combines coagulation, flocculation and
electrochemical properties, and presents high efficiency in the removal of particles, high energy utilization,
low operating time, reduced sludge production and low operating cost, in addition to not requiring the addition
of chemical compounds (Bracher et al., 2019; Ozyonar et al., 2016; Reategui-Romero et al., 2018).

EC consists of the application of electrical current to metal electrodes, usually Iron (Fe) or Aluminum
(Al), as they are easy to acquire and have low toxicity. The anode is responsible for releasing ions that act as
coagulating agents, complexing with contaminating particles and forming flakes, while the cathode releases
hydrogen gas (H2) and oxygen (O>), causing the flake to be deposited on the water surface. (Bracher et al.,
2019; Chen, 2004a; Moussa et al., 2017; Reategui-Romero et al., 2018).

In the present study, the variable distance between the electrodes and the current density were evaluated
in relation to the removal of SA by the batch electrocoagulation method.
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2. Material and Methods

To carry out the experiments, an SA solution was prepared at a concentration of 100 mg.L™, the pH of
the solution was adjusted to 6.0 with 0.1 mol.L™ sodium hydroxide and a fixed amount of NaCl (0.1 mol.L™?)
was added to the aqueous solution to increase the conductivity of the solution and facilitate the process. The
electrocoagulation was performed in an open batch reactor, with a working volume of 1.8L, Al and Fe
electrodes, with dimensions of 70x130x2mm, were arranged in pairs (Anode - Cathode - Anode - Cathode), in
vertical position, and connected to an electrical source of direct current. At the end of each experiment, the
electrodes were cleaned with steel wool, rinsed with distilled water and dried in an oven at 105 °C for 1 h.

A 22 Factorial design was selected to understand how the variables current density (CD) and distance
between the electrodes (DE) influence the SA removal process, during the electrocoagulation process using
aluminum and iron electrodes (Table 1). The experiments were carried out in random order to avoid systematic
errors.

Table 1 - Variables and their levels for the factorial design

] Levels
Variables X) 0 1
*DE (cm) 1.0 2.0 3.0
**CD (mA.cm) 16.7 27.8 38.9

* distance between the electrodes (DE); ** current density (CD)

The samples were collected at times: 0, 10, 20, 30, 40, 50, 60 and 80 minutes of each experiment. The
pH of the solution was determined by immersing the electrode connected to a pH meter in the samples. The
SA determination was performed according to the Brazilian Pharmacopeia (Brasil, 2010), using a
spectrophotometer at an absorbance of 530 nm.

The removal percentage (CR) was calculated using the following equation (Eq. 8):

CR(%) = %xloo (8)
0
where AO is the initial concentration of the constituents and At is the final concentration of the constituents

(after EC).
Energy consumption was calculated according to (Eg. 9), as proposed by Kobya et al. (2015),

_ Uxixtgc
Cenergy_ Ver (9)
€

where U is the voltage (V), i the current density (A), tEC is the operating time (h), Vef is the volume of treated
effluent (L).

The amount of H, gas emitted from an EC unit was estimated using the following equation (10)
(Phalakornkule et al., 2010; Lakshmi et al., 2013; Hashim et al., 2017).

__ CDAtH
F

Qy (10)

2
where, QHy; CD, A, t, H, and F are the amount of H; gas emitted (mole), current density applied in (A/m?),
effective surface area of the electrodes (m?), treatment time (sec), number of hydrogen molecules (1/2) and
Faraday constant (96,500), respectively. The amount of H, produced can be expressed in volumetric units
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using the following ideal gas law:

PV=nRT (11)
where p, V, n, R, and T represent pressure (kPa), volume (L), moles of gas, gas constant (8.314 J/kmol at
atmospheric pressure) and gas temperature (K), respectively. Although the available energy of H gas can be
estimated using the following formula (Hashim et al., 2017).

Ey,=m (0.244 ™) (12)

where EH; and m are the energy yield (MJ) and the amount of Hz gas (mol), respectively. It is worth mentioning
that each 3.6 MJ is enough to produce 1.0 kWh (Hashim et al., 2017).

3. Results and Discussion

For a better visualization of the effects of the independent variables (CD and DE) on the dependent
response (SA), it can be seen in Table 2, that during the operational time of 40 minutes for the aluminum
electrode and 20 minutes for the iron electrode, the variables do not show statistical significance for the 95%
confidence level.

Table 2 - Variance analysis (ANOVA)

Source DF SS MS F P
Electrode Al Fe Al Fe Al Fe Al Fe Al Fe
Regression 2 2 5348 31.74 26.74 15.87 2.08 1,296 0.325 0.436
Residual 2 2 2572 2450 1286 12.24

Total 4 4 79.20 56.25 1980 14.06

Al-R?=0.822 Fe-R?=0.751

However, a removal difference occurred when comparing the operating time and the electrode material
(Al and Fe). The chemical composition of the electrode used is a significant parameter for EC processes. In
this study, Al and Fe electrodes were used, due to easy acquisition, good electrical conductivity and excellent
hydroxide formation property, with subsequent flake formation (Bracher et al., 2019). Figure 1 shows the
influence of the effects of the variables operating time, CD and DE during the process of removing the SA by
EC using aluminum and iron electrodes according to the operating time.
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Figure 1 - Removal of salicylic acid during electrocoagulation (a) aluminum electrode and (b) iron electrode
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The values of SA removal are favored as the operational time increases, due to the concentration of
metal hydroxides of Al and Fe dissolved in the EC system. These hydroxides neutralize the electrostatic
charges on the dispersed particles, reducing the electrostatic repulsion between the particles to the point where
Van der Waal's attractions become predominant and, thus, facilitate the agglomeration and adsorption of
pollutants (Kobya et al., 2015), consequently increasing the coagulation and flocculation rate (Bracher et al.,
2019).

The first highest removal rate for the aluminum electrode (92%) occurs in the 40-minute operating time
(CD 38.9 mA.cm and DE 1 cm) while for the iron electrode this occurred in the 20-minute operating time,
observing a 93% and 91% were removed at CD 38.9 mA.cm2with DE 3 and 1 cm, respectively. The difference
in operating times is related to the forms of hydroxides present during the EC process, and the parameter that
controls these forms is the pH of the solution. Figure 2 shows the pH values according to the operational time.

Figure 2 - pH variation during the process of electrocoagulation (a) aluminum electrode and (b) iron electrode
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The pH is decisive for flocculation to occur in an EC process as it determines the type of metallic
hydroxide to be formed (Ascén, 2018; Khandegar et al., 2013; Kobya et al., 2003; Verlicchi et al., 2012). In
Figure 2, an increase in the pH of the solution is observed for both electrodes according to the operating time.
The pH values for the aluminum electrode ranged from 6.09 to 11.26 and for the iron electrode the values
ranged from 6.02 to 12.06.

According to Chen (2000c), the increase in pH occurs due to the release of OH" ions at the moment
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when the metallic hydroxide formed by the anode interacts with the polluting substances. In the aluminum
electrode, the electron aluminum (AI®*) ions generated can generate different monomeric species such as:
AI(OH)?*, AI(OH)z"*, Al(OH)24*, AlI(OH)s and polymeric species: Als(OH)15**, Al2(OH):17**, Alg(OH)™,
Al1304(0OH)24™, Al13(OH)34*" are formed during the EC process (Can et al. , 2006, Giirses; Yalgin; Dogar,
2002) and in the iron electrode hydroxides (Fe(OH)n) of n = 2 or n = 3 can be formed (Irdemez et al., 2006)
As it is a reaction of hydrolysis, the ideal pH for the formation of aluminum and iron hydroxide is between 6.5
and 7.0 (Holt et. al., 2002; Ozyonar, 2016).

The salicylic acid molecules undergo surface reaction by either inner-sphere complexation (specific
adsorption), or by outer-sphere complexation (ion-pair adsorption), and produces the stable structures of the
six-angle rings during an electrocoagulation. The adsorption sites on Fe (OH) 3 surface are amphoteric and
can be simulated in protolysis reactions of the hydroxyl group. (Cheng, 2002).

In the EC process, CD is a parameter that controls the speed of reactions (Akyol et al., 2013;
Thirugnanasambandham; Sivakumar; Maran, 2015), since it determines the coagulant dosage rate and the
bubble generation rate, the size and growth of the flakes (Chen; Chen; Yue, 2000; Kobya; Can; Bayramoglu,
2003).

The highest removal rate is found under operational conditions where the applied CD is higher (38.9
mA.cm2), mainly in the Fe electrode. The increase in CD results in a high amount of AI** and Fe?* ions that
bind to the OH formed, AI(OH); and Fe(OH), and consequently more flakes are generated, collaborating with
the efficiency of the SA removal process (Adhoum & Monser, 2004; Nasrullah et al., 2020; Lakshmi et al.,
2013; Moussa et al, 2016).

However, when a very high CD is applied, there is a great possibility of wasting energy in heating the
water and reducing the efficiency of the electric current. In this context, the selection of an optimal CD value
is affected by parameters such as pH, system temperature and DE (Moussa et al., 2016).

DE is a fundamental parameter in the removal of polluting particles and energy consumption by the EC
cell (Mohora et al., 2012). Nasrullah (2020) states that the distance between the electrodes is proportional to
the resistance generated between them. Thus, increasing the distance between electrodes causes an increase in
the resistivity of the solution, requiring a high application of electrical voltage and may result in loss of energy
by dissipation. Table III presents the 22 factorial design matrix and the responses of the dependent variables
energy consumption, the theoretical volume of H. and the energy yield of Hz produced experimentally (kWh)
in relation to the removal of SA in the operating time of 80 minutes.

Table 3 - Matrix factorial design 22 with coded values, real values and responses for Al and Fe electrodes

Energy yield by

EC “EC Theoretical Experimentall
Run *DE **CD (KWh/m?) (KWh/m?) : P y
Al Feo Hz volume( L) produced H2
(kwh)

1 -1(1.0cm) -1 (16.7 mA.cm?) 2.3 2.4 906.8 2.6
2 1(3.0cm) -1(16.7 mA.cm?) 2.7 3.3 906.8 2.6
3 -1(1.0cm) 1(38.9 mA.cm?) 8.6 8.3 2116.0 6.0
4 1(3.0cm) 1(38.9 mA.cm?) 11.7 13.5 2116.0 6.0
5 0(20cm)  0(27.8 mA.cm?) 6.7 7.4 1511.4 43
6 0(20cm) 0(27.8mA.cm?) 6.9 7.2 1511.4 4.3
7 0(20cm) 0(27.8mA.cm?) 6.9 7.4 1511.4 4.3

* Distance between the electrodes (DE); ** Current density (CD); *** Energy consumption (EC)
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Hydrogen gas (H.) is one of the main by-products generated during an EC process, and is currently
considered a promising source of ecological and renewable energy (Abdin et al., 2020; Dawood et al., 2020;
Phalakornkule et al., 2010). Studies show that about 5.8 to 13% of all energy used to power the EC cell could
be obtained by recycling the hydrogen gas released during the process (Hashim et al., 2017).

The energy consumption for the aluminum electrode varied from 2.3-11.7 kwWh/m? and while the energy
consumption of the iron electrode varied from 2.4-13.5 kWh/m3. In relation to the theoretical volume of H,
generated, values ranged from 906.8-1511.4 L and for the theoretical energy produced by the H, generated,
values ranged between 2.6-4.3 kWh. These values are strongly related to CD, DE and operating time. The
results show that the energy yield obtained from the production of H; is capable of significantly reducing the
energy demand of the EC cell. Thus, EC can become an economically viable method, while reducing the
environmental impacts related to energy production (Lakshmi et al., 2013).

In addition, EC is more effective in removing SA compared to methods such as ultrafiltration in hollow
fiber and in spiral, as it achieves higher removal rates than these processes (> 80%). On the other hand,
adsorption with activated carbon is slightly higher than EC in this case, reaching removal values of 98%
(Ayyash et al, 2015). The use of microalgae also showed high rates of SA removal (94%), but required a longer
operational time (4 days) (Escapa et al., 2016).

Non-biodegradable organic compounds are a significant concern in the context of water pollution. Their
impact on the environment is manifested not only by their strong and harmful toxicity to the aquatic
environment but also by their accumulation in living organisms in the food chain. Given this, it is essential to
develop and improve treatment processes that are efficient in removing these compounds. These treatments
must be enhanced to become an easy, low-cost and effective treatment alternative for the treatment of waste
from the pharmaceutical industry (Boussouf, 2025; Ko6ktas, 2022).

4. Conclusion(s)

The iron electrode showed better removal rates due to its wide production of hydroxides that have a high
affinity for SA. DE and CD were variables that simultaneously influenced removal rates, where the increase
in DE is directly proportional to energy demand (CD), which results in greater removal of SA. The results
obtained with electrocoagulation suggest that this process may be promising for the removal of salicylic acid
from wastewater, as well as for the removal of other contaminating drugs.
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