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ARTICLE INFO ABSTRACT

Keywords: This research devised an efficient method to treat wastewater generated from heparin production at a local
Heparin wastewater Taiwanese company. The approach combined electrochemical techniques with filtration processes to manage the
Electrochemical

wastewater, which exhibited high levels of total dissolved solids (TDS), chemical oxygen demand (COD), organic
matter, and chlorine concentration, requiring treatment before disposal or potential reuse. A specialized elec-
trochemical oxidation (EO) system was customized for processing 500 mL of solution at a 2A current, working in
tandem with an activated carbon filter chamber. Various experiments were conducted, altering potential and
adsorption times, to understand their correlation in eliminating the identified pollutants in pharmaceutical
wastewater. Notably, sample 4 (S4), following an electrolysis process at 2A-12 V in 5 h and subsequent
adsorption by 10 g of activated carbon for 60 min, exhibited remarkable efficacy Specifically, this treatment
regime facilitated the removal of over 90 % (from 14,750 to 1422 mg/L) of chlorine concentration, 91 % (from
1.12 to 0.09 a.u.) of turbidity, and 88 % (from 22,676 to 2786 mg/L) of COD from the effluent stream. These
favorable outcomes were attributed to the conversion of chlorine ions into hypochlorous acid, renowned for its
potent antibacterial properties in eliminating organic compounds, as well as the robust adsorption capabilities of
activated carbon. This study underscores the viability of employing surface adsorption and electrochemical
processes in tandem, utilizing low input currents and brief treatment durations, to treat pharmaceutical
wastewater effectively.

High chlorine ion content

1. Introduction

The issue of environmental pollution has always been a global
challenge since the industrialization and modernization phase began,
particularly concerning water pollution. Numerous findings have iden-
tified wastewater sources from various industries and high-salinity
agricultural practices (Grattieri and Minteer, 2018; Zhou et al., 2020).
Discharging large volumes of wastewater as a byproduct of industrial
activities has become a significant concern, not only for the environment
but also for human health (Hiilsen et al., 2019; Lin et al., 2020; Shi et al.,
2015; Ahmed et al., 2021). These wastewaters are generated in the
production processes of different chemicals, including various
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pesticides, herbicides, organic peroxides, pharmaceuticals, and dyes
(Dhiman and Mukherjee, 2021; Pounsamy et al., 2019; Naje et al.,
2015). Reports suggest that saline-contaminated wastewater constitutes
about 5 % of the total discharged wastewater and is likely to expand
further (Zhang et al., 2020). Consequently, treating saline-contaminated
wastewater has become one of the top-priority tasks in conserving the
demand for clean water.

In fact, treating saline-contaminated wastewater has never been
straightforward. Various methods and processes have been utilized to
manage such wastewater stemming from multiple industries (Cui et al.,
2021; Srivastava et al., 2021). Among these primary approaches, they
are classified into physicochemical treatment methods and biological
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treatment methods. Up to now, biological treatment methods have
continued to be implemented due to their cost-effectiveness, minimal
chemical requirements, limited generation of by-products, and so on
(Chen et al., 2021; Saidulu et al., 2021). The Spiral Symmetry Stream
Anaerobic Bioreactor (SSSAB) system has found widespread use in
treating different wastewater types, including saline organic wastewater
(SOW). Within the SSSAB system, parameters like hydraulic retention
time (HRT) and organic loading rate (OLR) play crucial roles in assessing
degradation performance, especially concerning Chemical Oxygen De-
mand (COD) removal. As indicated by Song et al. (Song et al., 2023), the
treatment of saline heparin pharmaceutical wastewater through diges-
tion resulted in an 82 % COD removal efficiency (from 8731 mg/L to
1211 mg/L) with an initial salinity of 3.57 wt% and an OLR of 6.98 kg
COD/(m>ed). Song et al. (2021) further affirmed that the pilot-scale
SSSAB system exhibited excellent performance, achieving COD and
NHj-N removal rates of up to 95.2 % and 96.6 %, respectively, with an
HRT of 41.7 h. However, the high osmotic pressure caused by salt ions
could pose significant threats to the microorganisms utilized in con-
ventional biological treatment technologies, limiting their application in
saline organic wastewater treatment. Consequently, physicochemical
treatment methods have been researched and applied to replace tradi-
tional biological treatment methods for SOW processes, emphasizing the
electrolysis method.

Electrochemical Oxidation (EO) has emerged as a promising tech-
nology for efficiently treating organic pollutants and contaminants in
wastewater through direct or indirect oxidation processes (Ma et al.,
2021). The treatment efficiency of the EO system can be adjusted and
expanded based on the number of electrodes and the active area of the
reaction chamber. EO technology demonstrates remarkable efficacy in
treating and breaking down non-biodegradable compounds (such as
Triclosan, CBZ, pesticides, etc.) (Magro et al., 2020; Cai et al., 2022;
Trellu et al., 2021). This has been validated by its ability to achieve
optimal COD removal within a 360 min electrolysis period in the direct
oxidation treatment of washing machine wastewater by Duran et al.
(Duran et al., 2018). However, researchers have discovered that in in-
direct oxidation methods with the presence of chloride ions, higher
electro-efficiency is achieved. Chloride, under the influence of electric
current, transforms into Hypochlorite, a commonly used indirect
oxidation agent in wastewater treatment (Moreira et al., 2017). Klidi
et al. (Klidi et al., 2018) confirmed the existence of indirect EO with
chloride, exhibiting higher electro-efficiency, reducing COD by 60 %,
and chloride concentration by 87 %. Another study demonstrated that
the introduction of NaCl and NaOCl into textile printing wastewater,
using pairs of graphite electrodes, eliminated 86 % of COD within 150
min of EO treatment. Despite EO’s effectiveness in rapidly reducing COD
and organic compounds in wastewater, concerns persist regarding cost-
effectiveness and chemical usage.

In this study, a Hybrid system was employed for treating saline
wastewater from a pharmaceutical company based in Taichung, Taiwan,
combining an EO module and an activated carbon filtration system. The
EO reaction chamber (the core of the system) featured a simple design,
requiring only a direct current power source, a pair of titanium elec-
trodes coated with platinum (Pt/Ti) installed in parallel, directly con-
nected to peripheral devices via solution pumps and conduits.
Leveraging the high chlorine concentration in the solution, it was
directly converted into Hypochlorous acid, serving as a potent oxidizing
agent for breaking down organic compounds without the need for
additional chemicals. Following the treatment cycle, the effluent
showcased processing efficiencies of over 87 % for COD, 90 % for
chlorine concentration, 87 % for turbidity, and a 48 % reduction in
salinity compared to the input stream.
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Table 1
Characteristics of influents coming from the pharmaceutical factory.

Parameter Value Reference Value

pH 8.2 4 -9 (Zhou et al., 2006; Shi et al., 2017; El-
Gohary et al., 1995)
10,000 — 30,000 (Zhou et al., 2006; Shi et al.,

2017; Li and Li, 2015; Shi et al., 2014)

Concentration of
chlorine (mg/L)
Conductivity (mS/cm) 41.2

14,750

TS (mg/L) 19,600 -

TDS (mg/L) 14,000 20,000 - 35,000 (Zhou et al., 2006; Shi et al.,
2017; El-Gohary et al., 1995; Li and Li, 2015)

TSS (mg/L) 5600 -

COD (mg/L) 22,676 5000 - 60,000 (Zhou et al., 2006; Shi et al.,
2017; El-Gohary et al., 1995; Li and Li, 2015)

Salt (mg/L) 29,500 10,000 - 32,000 (Zhou et al., 2006; Shi et al.,
2017; El-Gohary et al., 1995; Li and Li, 2015)

Color (a.u.) 1.12 -

2. Material and method
2.1. Chemicals

Potassium dichromate (KyCre07), Silver nitrate (AgNOs3), Ammo-
nium ferrous sulfate (FeHgN»OgS5), Ferroin indicator (C3gH24FeNg04S)
used in the COD test and Sodium chloride (NaCl) for the standard po-
tential curve in ion chlorine concentration were recorded from Union
Chemical Work, Taiwan. These chemicals were obtained to ensure the
utmost purity and necessitate no additional purification. The Pt/Ti
electrodes used for electrolysis and activated carbon for adsorption
process were procured from a local market.

2.2. The characteristics of pharmaceutical wastewater

The wastewater used in this study originates from a pharmaceutical
factory located in Taichung, Taiwan. It is obtained directly from the
processing of animal organs and heparin production (antibiotics from
the glycosaminoglycan family of carbohydrates). The influent contains
various organic and inorganic ingredients, such as intermediates, spent
solvents, reactants, and catalysts. Generally, the company’s wastewater
output is strictly controlled, and the wastewater collected in this study is
from the intermediate process, not the company’s final wastewater.
However, enterprises want to move towards a new treatment method
that takes less time to recreate wastewater and reuse it for other uses.
Large amounts of wastewater are transported directly from the factory to
the Laboratory of Green Energy Science and Technology (GEST) at Feng
Chia University for treatment. The basic parameters and characteristics
of the input wastewater are preliminarily reported in Table 1.

Following conveyance, the wastewater was stored in a fume hood to
prevent bacterial environmental influence. This approach, supported by
empirical observations and parameters cited earlier, revealed distinct
features of the wastewater stream: a robust odor and a green-yellow hue
(Hao et al., 2000; Tiirker et al., 2022), indicative of elevated organic
matter content. The electrochemical device operated under four distinct
voltage settings, denoted by varying colors. After treatment, samples
were preserved to ensure measurement precision, as depicted in Fig. 1
below.

2.3. Electrochemical reactor: Setup and mechanism

The study’s design is based on fundamental theories of the
laboratory-scale EO system, including a reactor housing two inert elec-
trodes submerged in the solution and powered by a DC supply (TES
electrical, Taiwan), as depicted in Fig. 2. The organic matter was loaded
in by a peristaltic pump (Longer Pump, Hebei, China). Digital multi-
meter measuring tool (Jenco-6173, Taipei, Taiwan) was set up at the
top of the reactor via the feeder to calculate the response values. Two Pt/
Ti electrodes (5.9 cm x 12 cm) with a thickness of 0.5 mm were placed in
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Electrochemical system A
- An simple oxidation design with 2 Pt/Ti
electrodes embedded in paralled and digital
equipment linked across feeder.
- Operating at 4 different conditions.
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top-down sample path and is supported by a
steel delivery membrane.
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Fig. 1. The complete model illustrates the mechanism of pharmaceutical wastewater treatment, from input to reuse, using a dual system that combines the EO system

and filtration chamber.
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Fig. 2. The schematic of dual system for pharmaceutical wastewater.

parallel, maintaining a 5.7 cm gap to meet standard operating condi-
tions at 2A — 8 V. The electrode angle and gap were adjustable, allowing
modification of the potential difference within desired values ranging
from 6 V to 12 V (the maximum voltage adjustable at 2A). Each run
involved applying 300 mL of influent to the reactor for a solution
behavior assessment. At 30 min intervals, 5 mL of solution was extracted
and stored at room temperature in a cabinet.

The airflow generated by the pump (SW-1504, Taichung, Taiwan),
operating at a discharge flow rate of approximately 3500 cc/min, fa-
cilitates an even distribution of pollutants within the solution, promot-
ing their decomposition. It simultaneously creates a lift force so that the
treated organics can be removed more efficiently, thereby increasing the
performance. In EO system, the organic pollutants are eliminated by
chlorine and hypochlorite. During the oxidation process, the reaction of
sodium chloride produces chlorine gas (Szpyrkowicz et al., 2005). The
following equations presented the reactions of the anode and cathode:

e Anode reaction

2CI' = Clp + 2¢” (€D)]

40H" — O, + 2Hy0 + 4¢” (2)

e Cathode reaction
2H;0 + 2¢ - H; + 20H 3
Because of the weak acid, hypochlorite is easy to dissociate partially.
Cl, + H,0 » HY + CI' + HOCI Q)
HOCl & H + OCI (5)

In indirect EO, pollutants are oxidized in the bulk of the solution by
means of oxidants electrochemically generated on the anode. The
compounds of hypochlorite and active chlorine in bulk reactions (Egs.
(4) and (5)) were chemically reactive which decomposes organic pol-
lutants into carbon dioxide and water (Bonfatti et al., 2000; Martinez-
Huitle et al., 2008). Consequently, this oxidizing agent played a pivotal
role in the pollutant removal process investigated in this study. Addi-
tionally, electroflotation, a well-known method supporting wastewater
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Fig. 3. The ability to remove chlorine (A) and the increase in the heat index (B) under the effect of electric potential.

treatment through electrochemical means using inert electrodes, was
employed. The production of pure hydrogen and oxygen gas bubbles, as
outlined in Egs. (2) and (3) during water electrolysis, facilitated the
transportation of suspended particles, allowing them to rise to the sur-
face within the electrolysis system (Mohtashami and Shang, 2019).
Equation (6) below expresses the total reaction in EO system:

Organic matter + OCl” — interstitial material — CO, + CI" + H,0 6)

2.4. Calculation

The system’s operating efficiency is measured by the combined
removal efficiency of undesired pollutants and the recovery efficiency of
reclaimed water. Equation (7) determine the removal efficiency for all of
the investigated pollutant parameters after the treatment process:

R (%) = 2% x100 (7)

Here, C, represents the concentration or value of original pollutants
in the input effluent (measured in mg/L), while Cp represents the con-
centration or value of pollutants in the treated effluent (also measured in
mg/L). The concentration of chlorine, TDS, TSS, and COD was deter-
mined through APHA’s Standard Methods and specific relevant
measurements.

Ry (%) = “2."2x 100 (8)

Where V) is the intensity of input effluent (L) and Vp is the bulk of the
remaining solution after the treatment (L).

The DC source supply energy can be estimated by utilizing the
following Equation (Elert, 2023):

E.=C. 1t €)]

Where E, is the energy that supplies system (J), C is the supply
voltage (V), I is the working current (A) and t is the working time (min).

2.5. Analytical methods

2.5.1. Concentration analysis

The APHA'’s Standard Methods (Federation and Association, 2005)
were used to measure the chemical oxygen demand (COD). The sample
was diluted 10 to 100 times to reduce the chloride concentration and
avoid the precipitation reaction with silver ions forming silver chloride,
which affects the measurement result. Potassium dichromate reactant
and Silver nitrate catalysts were added to the diluted samples, heated at
150 °C for 2 h, and then cooled naturally. Ferroin indicator was added
before using the standard solution of Ammonium ferrous sulfate to
determine the value using the calculation formula:

COD (mg/L) = @280,y (1)

Where, a represents the titrant of the blank (mL), b represents the
titrant of sample (mL), M is Ferrous ammonium sulfate concentration
(M), V is sample volume (mL), and X is dilution factor.

The total solid (TS), total suspended solids (TSS), and total dissolved
solids (TDS) values of the effluent in this work were measured by
evaporated method. The TS values were determined by weighing the
material left after evaporation and drying of the sample in the oven at
180 °C for 2 h. The values of TDS were determined in a similar manner
as TS; sample filtrate passing through filter paper (90 mm) was evapo-
rated in a weighed dish and dried in the oven at 180 °C for 2 h. The
values of TSS were obtained from the difference between TS and TDS
(Adjovu et al., 2023; Taylor et al., 2018). Furthermore, the values of TDS
and TSS were determined using an intermediary method by establishing
the relationship between electrical conductivity-total dissolved solids
(EC-TDS) through the following equations (Walton, 1989):

TDS* (mg/L) = k. x EC (uS/cm) an
TSS* (mg/L) = TS — TDS* 12)

Where, TDS* is in mg/L, TSS* is in mg/L, EC is in pS/cm at 25 °C, and
k. is a constant of proportionality = 0.55 ~ 0.85 (0.7 is chosen in this
study for the recommended appropriate factor) (Walton, 1989). The
application of intermediate measurement methods using EC values helps
reduce the waiting time for sample processing and provides real-time
quantification of liquid intensity (Fallatah and Khattab, 2023). There-
fore, these techniques are commonly used in educational settings for
scientific analysis and research.

The chloride ion concentration was calculated indirectly through a
standard solution prepared by diluting sodium chlorine with deionized
water to specific concentrations to build a standard electrode potential
curve. The chloride ion molarity can be determined from the curve with
practical values. Salinity was measured using the conductivity method
using refractometer equipment (TR-055, Taichung, Taiwan).

The UV/vis spectrophotometer with a model SPECTRONIC GENE-
SYSTM 2PC, and slit width 2 nm with quartz cuvette 1 cm used to
determine the color change of solution after treatment.

2.5.2. Material characterization

The activated carbon’s morphology was analyzed using scanning
electron microscopy (SEM, Hitachi S4800 type 2) equipped with Thermo
NORAN NSS EDS. The cold field electron gun allowed for magnification
ranging from 20 to 800,000 times, achieving a resolution of 1 nm at 1 kV
and 1.4 nm at 15 kV. The SEM analysis of the activated carbon involved
a sample preparation process: drying the sample in an oven at 80 °C for
2 h followed by coating with a platinum layer for 30 s. This SEM method
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Fig. 4. Change in pH of the solution under voltage variation in the EO system.

facilitated the examination of the activated carbon’s microscopic
structure and surface morphology.

3. Results and discussion
3.1. Effects of voltage on chloride removal and operating temperature

Such as the main goal of the study, 300 mL of saline wastewater was
directly treated in the EO reaction chamber at four different voltage
values under the same current intensity of 2 Amperes, labeled as S1 to
S4. Fig. 3A distinctly illustrates the variation in chlorine ion concen-
tration in the solution before and after 5 h treatment, with the highest
removal efficiency reaching 76.4 % (from 14,750 to 3434 mg/L)
observed in S4, operating at 2 Amperes and maintaining a consistent
voltage of 12 Volts in the EO reactor. The variation in voltage directly
impacted the treatment efficiency of the entire oxidative reduction
process, gradually increasing from 33.4 % to 76.4 % after the comple-
tion of the reaction. The results indicate that the EO method is suitable
for removing chlorine ions from saline solutions by transforming them
into potent oxidizing compounds for decomposing organic substances or
converting them into gaseous forms. This aligns well with the previously
discussed reaction mechanisms. In comparison to reports by Darvish-
motevalli et al. (2019) and Ye et al. (2020), the chlorine ion removal
efficiency in this study (76.4 %) exceeds the figures mentioned in those
reports (73 % and 50 %, respectively). However, observers noted a
nearly 40 % reduction in the recovered water volume in S4 after the
electrolysis reaction, which prompted the application of activated car-
bon adsorption to prevent wastage.

In addition to the variation in ion concentration, temperature was
also among the parameters examined in this investigation. The tem-
perature rises for a conventional EO system as more energy accumulates
within the same survey time frame (Phan et al., 2023). Additionally,
heat released from the decomposition of organic compounds also con-
tributes to temperature variations. Under current operating conditions,
a noticeable temperature difference has emerged after 30 min of oper-
ation, peaking after a specific duration and stabilizing after that. This
temperature variance correlates with ongoing metabolic reactions.
Consequently, the pH values in Fig. 4 also exhibit pronounced fluctua-
tions. Unlike the observations made by Sun et al. (Sun et al., 2020), the
temperature does not demonstrate a tendency to rise continuously
during prolonged processing; instead, it stabilizes after a certain period
and remains constant throughout the oxidation-reduction reactions,
provided that the current intensity is controlled. The peak temperatures
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observed were approximately 35 °C, 47 °C, 55 °C, and 58 °C at
respective voltage values of 6 V, 8 V, 10 V, and 12 V, as depicted in
Fig. 3B. Compared to Nguyen et al. study (Phan et al., 2023), the tem-
peratures during the stable phase in this research are significantly lower
than 84 °C after 3 h of reaction under 3.05 A and 30 V conditions. This
divergence results from employing higher voltage to reduce processing
time. Consequently, supplying additional energy to the electrolytic cell
has led to increased current and temperature. These factors could
potentially impact the durability and safety of the system.

3.2. Effects of voltage on pH

The pH level of a solution stands as a crucial parameter influencing
the generation of hypochlorous acid (HCIO) and hypochlorite ions (ClO-
) pivotal for pollutant removal efficiency (Cheng et al., 2022; Belghit
et al., 2020). This value is contingent upon reaction mechanisms, elec-
trode utilization, and specific pollutants (Prazeres et al., 2019). George
Bowman’s previous studies at The Wisconsin State Lab of Hygiene
revealed a gradual decline in hypochlorous acid concentration from
nearly 100 % to almost 0 % when the pH reached 9.0 (Bowman and
Mealy, 2007). Optimal pollutant elimination occurred within a pH range
of 5 to 8 due to a significantly heightened conversion efficiency into
HCIO/CIO" compounds (Jiang et al., 2020). Typically, pH levels tend to
increase over the reaction period, making pH control imperative to
sustain an optimal pH for effective pollutant eradication (Takabe et al.,
2022). One can adjust pH by introducing solid acids like sulfuric, hy-
drochloric, or sodium hydroxide bases (Nidheesh et al., 2020). Fortu-
nately, the wastewater in this study demonstrates a high chlorine ion
concentration, allowing for direct conversion into potent oxidative
compounds without the need for extra chemicals to sustain the optimal
pH level. At the anode and under the influence of direct current, free
chlorine ion molecules transform into chlorine in the first stage. Sub-
sequently, upon combination with water molecules, this chlorine forms
hypochlorous acid, a highly bactericidal compound surpassing hypo-
chlorite by nearly 80 times in potency (Block and Rowan, 2020). Due to
its nature as a weak acid, it partially dissociates, forming hypochlorite
ions. Additionally, the reaction between chlorine and water, along with
the metabolism of hypochlorous acid, generates free H' ions, thereby
reducing the pH of the solution post-treatment. After a 5 h treatment,
there is a slight tendency for the pH to increase, typically within the
range of 4.5 to 5.5. This increase occurs because the remaining Na™ ions
in the solution act as a charge balance alongside ClO" ions, stabilizing the
overall reaction.

In this study, the input solution with a pH value of 8.2 was used to
evaluate the effect of voltage on the conversion of agents in the solution.
In Fig. 4, the results are divided into different data regions showing two
main mechanisms throughout the reaction: conversation and decom-
position of organic matter. With the voltage change, the data has an
apparent variation in the electrochemical treatment at the same reaction
time. In general, the pH decreases sharply and is regular when the
voltage changes from 6 V to 12 V. This phenomenon explains the effect
of voltage on the production rate of hypochlorous acid in the reaction
solution, thereby affecting the decomposition efficiency of organic
substances. In addition, the amount of syngas at both electrodes will also
be subject to variation under the change of the applied voltage. Several
prior studies align with similar findings, demonstrating enhanced
pollutant removal efficiencies within the pH range of 5 to 8. Al-Raad
et al. (Al-Raad et al., 2019) observed an increase in pollutant removal
efficiencies, rising from 86 % at pH 6.5 to 92 % at pH 8 when employing
aluminum-aluminum (Al-Al) electrode pairs in Lake water-electrolyte
with a conductivity of approximately 38.6 mS/cm. Similarly, Kermet-
Said et al. (Kermet-Said and Moulai-Mostefa, 2015) noted the highest
removal efficiencies (70.8 % for COD and 96.7 % for turbidity) at a pH
value of 5.31 for pharmaceutical effluents, with a subsequent decrease
in efficiency observed at pH values exceeding 10.
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Fig. 5. (A) UV-VIS spectra of four difference samples, (B) influents flow coming with yellow-green color, (C) effluents flow out without color at 2A-12 V.

3.3. Effects of voltage on color removal

Fig. 5A displays a representative UV-VIS spectrum of heparin saline
wastewater before and after electrolysis at different voltage levels. The
prominent absorption peaks detected at 422 nm, indicative of specific
pollutants, and a UV absorption peak centered around 302 nm were
particularly noteworthy. Analysis of UV-VIS spectra demonstrated a
substantial reduction in the absorbance characteristics of wastewater
pollutants upon employing Pt/Ti electrode pairs for SOW treatment
through EO methods. This reduction signifies the successful removal of
pollutants, including the previously mentioned peaks. After 5 h treat-
ment, removal efficiency progressively increased from 40 % to 72 %, 78
%, and reached up to 87 % at 6 V, 8 V, 10 V, and 12 V, respectively.
These outcomes indicate that the increment in voltage directly impacts
the degradation of organic compounds present in the solution, a finding
consistent with Wang et al. confirmation (Wang et al., 2023). Concur-
rently, as Xie et al. noted (Xie et al., 2012), heparin wastewater can also
be treated using a surface adsorption method employing nickel zinc
ferrite nanoparticles, achieving an approximate 90 % treatment effi-
ciency when combined with hydrogen peroxide oxidation and coagu-
lation filtration. The negligible difference in peak absorption
wavelengths (approximately 4-5 nm) is attributed to variations in
pollutant concentration levels.

Unlike heavy industrial wastewater, pharmaceutical wastewater’s
color and odor indicate the presence of organic compounds and bacteria
in the solution (Chakrabortty et al., 2020; Moideen et al., 2023; Gupta
et al., 2019). Following the reaction, the wastewater undergoes nearly
complete removal of organic compounds and bacteria, producing a clear

solution, as depicted in Fig. 5C. As a result, there are no significant
changes in the surface material of the electrodes after the EO treatment.
The changes referred to here are the corrosion from the clip and ions
adhering to the surface, which alters the shape and color of the original
material. As inert electrodes, the primary function of the cathode and
anode in the entire reaction is to allow the movement of electrons to
transfer without directly participating in the chemical reactions
throughout the reaction process (Isik et al., 2021; Pourbaix et al., 1959).

3.4. Effects of voltage on electrical conductivity

Current flow density directly correlates with the electrolyte solu-
tion’s electrical conductivity and ion concentration, influencing the
pollutants’ degradation time. Higher electrical conductivity leads to
shorter treatment durations for specific pollutants, reducing energy
consumption (Chou, 2010). In typical wastewater treatment practices,
augmenting the electrolytic solution’s conductivity involves using NaCl,
as indicated in previous studies (Alam et al., 2022). However, the so-
lution’s salt concentration was already sufficient for conductivity
enhancement in this investigation. Fig. 6A demonstrates the direct
impact of voltage fluctuations on the variation in current density during
electrolysis. Elevated voltage levels prompt the oxidation of chloride
ions in the saline solution, transforming them into more active chlorine
forms, potent oxidizers that significantly aid in disinfection. The initial
wastewater, with a pH of 8.2 and a conductivity of 41.2 mS/cm, served
to assess the impact of voltage on treatment effectiveness and conduc-
tivity metrics. Throughout the treatment process, shifts in the waste-
water’s electrical conductivity were observed, ranging between 35.4
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Fig. 6. Experimental Conductivity Data (A) for fixed time intervals, (B) for final section.
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and 42.6 mS/cm under electrochemical treatment. Specifically, there
was a noticeable change in electrical conductivity values after 1.5to 2 h
of treatment. During this period, the reaction process significantly
altered parameters such as pH, temperature, and chlorine ion concen-
tration. Notably, under conditions of 2A-12 V, the maximum removal
efficiency of chlorine ions (76.4 %) was achieved after 5 h treatment
period, getting current density higher than the initial value (approxi-
mately 3.3 %). This phenomenon is attributed to the corrosion of the
iron alligator clip upon direct contact with the foam layer formed from
the breakdown of organic impurities. Under the high impact of voltage
and the thermal energy generated by the reaction, metal ions from the
clip corrode, reintroducing themselves into the solution and thus
increasing its conductivity. Sazou and Pagitsas (2006) documented that
the iron electrode surface exhibited signs of corrosion across various
dissolved states under the influence of chlorine ions, resulting in elec-
trochemical instability and impacting treatment efficiency. Therefore,
careful consideration in selecting electrode materials and designing EO
systems is crucial to mitigate the undesirable influence of ions on
treatment effectiveness.

3.5. Effects of voltage on TDS and TSS

Determining TDS values before and after electrochemical treatment
aids in assessing the treatment efficiency of an EO system. The abundant
presence of certain salt species in SOW plays a crucial role in selecting
the treatment method. Besides non-ionized solutes, TDS measurement
encompasses major cations like sodium, potassium, calcium, and mag-
nesium, along with significant anions such as bicarbonate, sulfate,
chloride, and nitrate (Das and Nandi, 2019). In this scenario, the pri-
mary salt ions present in the wastewater are sodium and chlorine.
Therefore, employing the EO method with inert electrode pairs is suit-
able to rapidly enhance treatment capabilities while averting electrode
corrosion After 5 h of electrolysis treatment, the TDS values in the initial
solution ranged from 14 g/L and gradually escalated to 23.9 g/L, 26 g/L,
29.1 g/L, and 31.9 g/L for voltage values of 6 V, 8 V, 10 V, and 12 V,
respectively, as depicted in Fig. 7A. This phenomenon once again in-
dicates that Fe ions are the primary cause of TDS value alterations post-
electrochemical treatment. As Ghosh et al. (2008), reported that elimi-
nating iron ions from the wastewater during electrochemical treatment
poses challenges, as Fe?* ions convert to Fe®t and form stable com-
pounds when the pH is below 6.0. Additionally, Streche et al. (2018)
mentioned an increase in TDS values when intensifying the current
density at positive polar regions and subsequently across the entire so-
lution while remediating oil-contaminated soil at a pH of 6.97. However,
when comparing the TDS*/TDS ratio among samples, it becomes

Table 2
Parameters before and after 5 h of electrochemical treatment.

Parameter Bulk After treatment
manufacturing s1 52 3 54
pH 8.19 5.1 4.51 5.08 5.28
Concentation of 14,750 9690 8854 8090 3434
chlorine (mg/L)
Conductivity (mS/ 41.2 37.6 35.4 41.2 42.6
cm)
TS (mg/L) 19,600 25,300 26,800 30,600 33,200
TDS (mg/L) 14,000 23,900 26,000 29,100 32,000
TDS* (mg/L) 30,900 28,200 26,550 30,900 31,950
TSS (mg/L) 5200 1200 800 1400 1325
TSS* (mg/L) 5600 1400 800 1500 1200
TDS*/TDS ratio 2.207 1.179 0.99 1.061 0.998
TSS*/TSS ratio 1.076 1.166 1 1.071 0.905
COD (mg/L) 22,676 11,024 6425 6250 4889
Salinity (mg/L) 29,500 21,000 22,500 26,000 27,000
Recovery 300 210 185 160 155
efficiency (mL)
Color (a.u.) (at 1.121 0.731 0.297 0.292 0.162
422 nm)

evident that the increase in TDS values post-treatment does not neces-
sarily correlate with the effective treatment of affected organic pollut-
ants. This can be explained by the conversion mechanism from EC to
TDS*, which directly hinges on the quantity, type of ions, and the
sample’s vaporization process (Rusydi, 2018). For instance, in original
sample (ORL), the TDS value obtained from water evaporation at a
constant mass by 180 °C (Red line) will be significantly lower than the
EC-to-TDS* conversion (Black line) due to the evaporation of chlorine
ions and organic matter. Consequently, for samples post-eletrolysis
treatment (from S1 to S4), the discrepancy between the TDS*/TDS
values notably narrows due to the breakdown of organic compounds
during electrolysis, demonstrating an R? value of 0.994.

Similar to TDS, TSS is also computed through separate processes to
evaluate the percentage error of the index, thereby determining the
accuracy of the measured values. As indicated by Ritchie et al. (2003),
TSS stands as the most characteristic and prevalent indicator for
pollutant content in both weight and volume. The impact of the oxida-
tion process on the degradation of organic substances within the SOW is
undeniable, evidenced by the TSS value fluctuations. After EO treat-
ment, the initial TSS value fluctuated from 5.2 g/L, gradually decreasing
to 1.2, 0.8, 1.4, and 1.3 g/L with variations in voltage to 6 V, 8 V, 10 V,
and 12V, respectively. These outcomes align with findings from previ-
ous studies. Ozturk et al. (Ozturk and Yilmaz, 2019) reported an efficient
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Table 3

Investigated parameters of S4 before and after the adsorption process.
Parameter S4 S450 S4,40 S4¢o
pH 5.28 5.38 5.56 5.88
Concentation of chlorine (mg/L) 3434 2300 1800 1422
Conductivity (mS/cm) 42.6 35.9 36 29.3
TS (mg/L) 33,200 21,867 15,622 13,269
TDS (mg/L) 32,000 20,947 14,963 12,716
TSS (mg/L) 1325 920 659 553
COD (mg/L) 4889 3764 3177 2786
Salinity (mg/L) 27,000 21,633 17,894 15,266
Color (a.u.) (at 422 nm) 0.162 0.086 0.114 0.099

removal of TSS in real slaughterhouse wastewater, achieving over 99.5
% efficiency after 4 h of EO treatment using 3 pairs of Pt/Ti electrodes at
a pH of 7.03. Additionally, AlJaberi et al. (AlJaberi et al., 2020) indi-
cated successful removal of TSS from real oily saline wastewater,
reaching up to 83 % removal efficiency. Moreover, the correlation ratio
between TSS*/TSS once again affirms the EO system’s efficacy in
eliminating pollutant impurities through the electrolysis process. The
discrepancy in the TSS*/TSS ratio is negligible across all samples post-
treatment, affirming the compatibility of the obtained practical values
with the calculated ones.

Table 2 provides a summary of the data obtained from Heparin
pharmaceutical wastewater after the electrolysis process. Overall, as the
primary purpose of this study, chlorine in the waste solution was
removed clearly and efficiently with an increasing efficiency from 33 %
to 78 % after 5 h of treatment. Additionally, the percentage of turbidity
removal and the concentration of organic matter are also very prom-
ising. However, some parameters have not been effectively treated, such
as total solids, which not only did not decrease but increased after the
aforementioned electrochemical process. Therefore, the filtration pro-
cess is a necessary stepping stone to increase the treatment efficiency of
the input wastewater, as summarized in Table 3.
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3.6. Effects of activated carbon on parameter after adsorption treatment

Previous studies have demonstrated successful use of activated car-
bon, prepared from various agricultural wastes, for preliminary
adsorption processes in reducing wastewater salinity (Abdullah et al.,
2022; Mita et al., 2021; Jorfi et al., 2019). In addition to significantly
impacting the salinity of wastewater during removal, activated carbon
has been shown to also affect remaining pollutants in the solution
following electrochemical process (Budhiary and Sumantri, 2021; Sia
et al., 2017; Sher et al., 2021). Based on data from Table 2, S4 exhibited
the most effective removal of chlorine components from pharmaceutical
wastewater, and was therefore selected for further testing with activated
carbon under varying adsoprtion time conditions of 20, 40, and 60 min,
denoted as S420, S440, and S4eo respectively. In this study, the use of 10 g
of activated carbon has been found to increase the removal efficiency of
solid waste from 34 % to 60 %, while the COD ranges from 23 % to 43 %,
and increases correspondingly with adsorption time.

The significant alterations on the activated carbon surface post-
adsorption were identified through SEM results at a magnification of
100 pm. Fig. 8 illustrates the surface structure of activated carbon before
and after adsorption across four different stages. Fig. 8A depicts the pre-
adsorption surface, rugged and uneven with numerous small pores
enhancing the adsorption surface area. Fig. 8B, C, and D exhibit signs of
pollutant impurities increasingly evident over the course of adsorption.
Most notably, after 60 min of adsorption, scattered white streaks became
prominently visible across the entire material surface. Several similar
studies have highlighted the excellent surface area and adsorption ca-
pabilities of activated carbon, making it highly suitable for wastewater
treatment applications (Kosheleva et al., 2019; Yousefi et al., 2018;
Morin-Crini et al., 2019). As per Wang et al. (Wang et al., 2022), the
specific surface area and average pore size of Coal-based activated car-
bon were 4.0697 m?/g and 13.388 nm respectively, achieving up to 90
% Methylene Blue adsorption efficiency in High-Salt Wastewater. In
another study, Wang emphasized that the rugged and uneven surface
morphology of the adsorption material is considered favorable and ideal
for adsorption processes in wastewater treatment (Wang et al., 2022). In
addition to the SEM analysis, EDS results were provided to detect the
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Fig. 8. SEM/EDS result of the activated carbon for (A) original stage, (B) after adsorption 20 min, (C) after adsorption 40 min, and (D) after adsorption 60 min.
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Table 4
Removal percentage (%) after treatment by a dual system of S4.
No. Removal efficiency (%)
cr Conductivity COD Salinity Color
S420 84.40 12.86 83.40 26.66 90.60
S449 87.79 12.62 85.98 39.34 87.55
S460 90.35 28.88 87.71 48.25 91.23

adsorbed ions on the activated carbon surface. Following the adsorption
process, the concentrations of Na™ and Cl ions gradually increased with
adsorption time.

Although the adsorption efficiency is high, a comparison of the
collected data in Table 1 shows that the effluent salinity is still very high
(>15,000 mg/L). This means that the amount of activated carbon used
in this study is still not suitable for the input stream, which reduces the
adsorption efficiency and increases the waiting time. Additionally, the
dropwise method may be more suitable for the type of solution used in
this study than the immersion method. Therefore, besides studying the
electrochemical treatment mechanism, the adsorption mechanism is
also an important factor throughout the treatment process.

In addition to surface SEM analysis, the UV-VIS results depicted in
Fig. 9A demonstrate substantial changes in the analyzed spectra
compared to S4 following the adsorption time intervals. The reduced
spectra suggest that a significant proportion of impurities and suspended
particles were trapped after the activated carbon filtration process.
Nonetheless, the results also indicate that the differences in spectra after

adsorption intervals are insignificant, suggesting that the adsorption
capacity has reached its limit for 10 g of activated carbon in this study.
Despite the relatively high salinity levels, other parameters have
exhibited considerable improvement. In particular, chlorine concentra-
tion decreased by 58 %, 61 % for TS, 43 % for COD, 45 % for salinity,
and over 30 % for conductivity after filtration. These findings demon-
strate the excellent adsorption capacity of activated carbon in this study
when comparing the ratio between the amount of carbon and input
solution.

Therefore, overall, at the end of the dual treatment system, the
pharmaceutical company’s input solution achieved substantial results.
The summarized results in Table 4 suggest that ClI', COD, and color pa-
rameters have significantly improved (>87 %). However, conductivity
and salinity remain a concern, as salinity directly affects the conduc-
tivity of the solution. Thus, in this case, both parameters are correlated
with each other for changes, whether increasing or decreasing. The final
ion chlorine removal efficiency obtained in this study was compared
with that reported in recent studies at different initial conditions, as
summarized in Table 5.

4. Conclusion

The combination of a simple EO system with an activated carbon
filtration chamber is an effective solution for directly treating pharma-
ceutical wastewater containing high-concentration organic and salinity.
The experimentation primarily focuses on evaluating the feasibility of
the EO system and the impact of voltage on experiment performance. It
is important to note that the wastewater samples are directly collected

Table 5
The comparison for chloride removal from water and wastewater.
Methods Types of wastewater Initial CI" Experimental conditions Removal Reference
concentration Efficiency
Electrochemical Heparin pharmaceutical 14750 mg/L Temperature: 24 oC — 58 °C; pH: 4.5 — 8.3; Initial 90.3 % This work
oxidation (EO) wastewater COD: 22676 mg/L.
and activated carbon
filtration
Reverse osmosis Synthetic wastewater 2000 mg/L Operating pressure: 1.6 MPa; Filtration area: 12.57 89.3 % (Pei et al., 2018)
cm?; Water flux: 18.42 L/m%h
Chemical precipitation Strongly acidic wastewater 428.8 mg/L Precipitant dose: 1.2 g/L; Temperature: 25 °C 87.9 % (Peng et al.,
2018)
Membrane separation Aqueous solution 2000 mg/L Membrane flux: 5.0 L/m?h 98 % (Welch et al.,
2021)
Ozone oxidation Simulated acidic 10000 mg/L Temperature: 80 °C; Oxygen gas velocity: 0.5 80 % (Liu et al., 2019)
wastewater L-min !
Adsorption Alkaline process mining 20 mg/L Temperature: 20 °C; pH: 12 45 % (lakovleva et al.,

water

2015)
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from pharmaceutical factories and treated within 1 h to avoid any
impact on the final results. Throughout the experiment, the voltage was
adjusted to different levels: 6 V, 8 V, 10 V, 12 V, and producing satis-
factory results. Based on collected data, It was found that the removal
efficiency of chloride ions is significantly improved (more than 90 %)
when the system operates at 2A — 12 V in EO and with the use of 10 g of
activated carbon in filtration process. However, the heat generated from
the reaction and energy required to maintain the system is also an issue
that needs to be considered. Additionally, under the influence of the
electrical current, the potent oxidizing agent (HCIO) generated from the
transformation of chlorine ions aids in removing most color and odor-
causing pollutants. However, despite the current material and design
configurations, corrosion persists on the clip surface, directly impacting
the TS or TDS parameters and consequently affecting treatment effi-
ciency. Hence, altering the material or adjusting the design better to suit
the connection between the alligator clip and electrode is crucial to
avoid direct contact with the foam layer formed during organic matter
decomposition.

Overall, the wastewater treatment process involving high salt con-
centrations, as explored in this study, achieved commendable effi-
ciencies. Unlike conventional biological treatment methods, the high
osmotic pressure caused by salt ions isn’t a significant concern or limi-
tation for EO systems equipped with inert electrodes; instead, it becomes
an asset in removing pollutants. Apart from leveraging the high con-
centration of chlorine ions in the solution, the addition of auxiliary
agents to maintain pH isn’t necessary to sustain EO system operations.
Due to its high flexibility, the EO system can be adjusted and expanded
based on electrode quantity and the active area of the reaction chamber.
In order to achieve industrial-scale efficiency and sustainability, future
research should prioritize scaling up parallel system designs while
incorporating appropriate measures to prevent potential corrosion risks
that might occur during electrode connections.
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