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A B S T R A C T

Several studies have been conducted worldwide to develop effective and affordable methods to degrade phar-
maceuticals and their metabolites/intermediates/oxidation products found in surface water, wastewater and
drinking water. In this work, acetaminophen and its transformation products were successfully degraded in
surface water by electrochemical oxidation using stainless steel electrodes. The effect of pH and current density on
the oxidation process was assessed and the oxidation kinetics and mechanisms involved were described. Addi-
tionally, the results were compared with those obtained in acetaminophen synthetic solutions. It was found that
conducting the electrochemical oxidation at 16.3 mA/cm2 and pH 5, good performance of the process was
achieved and not only acetaminophen, but also its transformation products were totally degraded in only 7.5 min;
furthermore, small number of transformation products were generated. On the other hand, degradation rates of
acetaminophen and its transformation products in surface water were much faster (more than 2.5 times) and the
reaction times much shorter (more than 4.0 times) than in synthetic solutions at all current densities and pH
values evaluated. At pH 3 and pH 5, greater soluble chlorine formation due to the higher HCl amount used to
acidify the surface water solutions could enhance the degradation rates of acetaminophen and its transformation
products. However, constituents of surface water (ions and solids) could also have an important role on the
oxidation process because at pH 9 (non-acidified solutions) the degradation rates were also much greater and the
reaction times were much shorter in surface water than in acetaminophen synthetic solutions.
1. Introduction

Pharmaceuticals are chemical organic compounds that have
contributed to enhance the quality life of human beings. However, po-
tential adverse effects on aquatic ecosystems and human health can be
derived when they or their metabolites are excreted into the environment
without any treatment and control. Among thousands of pharmaceuticals
currently found in surface water, wastewater and drinking water, acet-
aminophen is one of the most commonly reported [1, 2, 3, 4, 5, 6, 7, 8].
The molecule of acetaminophen is composed of an aromatic group
(benzene ring), an amide group (R–CO–N (R1, R2)), and a hydroxyl group
(R–OH) (Figure 1).

In humans, acetaminophen is metabolized by the liver and excreted
into urine as acetaminophen glucuronide (47–62%), acetaminophen
sulphate (25–36%), 3-hydroxy-paracetamol and N-acetyl-p-benzoqui-
none-imine (NAPQI) (8–10%), and unchanged acetaminophen (1–4%)
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[9]. In advanced oxidation processes (AOPs), the generation of oxida-
tion/intermediates products such as NAPQI, 1,4-benzoquinone, hydro-
quinone, p-nitrophenol and p-aminophenol has been documented [10,
11, 12]. These products are toxic and difficult to degrade and, therefore,
have addressed the interest and attention of the scientific community.

Toxicity of acetaminophen and its transformation products (metab-
olites/intermediates/oxidation products) in aquatic microorganisms and
humans have been documented [10, 13, 14, 15, 16, 17] and now is
recognized as an environmental concern and a human health risk.
Therefore, worldwide many efforts have been done to find an affordable
method to degrade effectively the acetaminophen and its metabo-
lites/intermediates/oxidation products found in surface water, waste-
water and drinking water. Among several treatment approaches, the
following processes are documented, biological, electrochemical oxida-
tion, H2O2/UV oxidation, electrocatalysis, TiO2 photocatalysis, UVA/-
LED/TiO2, TiO2/UV, sonolysis, chemical, Fenton, photo-Fenton,
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Figure 1. Acetaminophen molecule.
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photoelectro-Fenton, nonthermal plasma, reverse osmosis, activated
carbon, chlorination and ozonation [2, 10, 16, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45]. However, in most of them only partial mineralization of acet-
aminophen was obtained, ranging from 14% to 88% [36, 37]. Addi-
tionally, in most cases the reaction times were long, up to 6 h [2, 43], the
transformation products generated by the processes were not degraded
[19, 25, 30, 34, 39], and continuous supply of oxygen to produce H2O2
was needed [23]. Due to the high operation costs, the production of
derivative pollutants and the complex reaction conditions, such methods
are frequently not an affordable solution for degrading the acetamino-
phen [5].

More recently, electrochemical oxidation process has become
attractive and promising because it is versatile, energetically efficient,
environmentally friendly, less costly and allows automation [6, 46, 47].
The oxidation of organic compounds by an electrochemical process can
involve two different mechanisms, direct anodic oxidation and indirect
oxidation. In the first, transfer reactions of the organic compounds occur
directly on the anode surface and involves the mediation of the electrons
to oxidize the organic compounds. In the indirect oxidation, the elec-
trochemical process is mediated by highly oxidant species such as reac-
tive oxygen species (hydroxyl radical, ⋅OH) and chlorine active species
(ClO� at pH> 8, HClO in the pH range 3–8, and Cl2 at pH< 3), which are
electro-generated at the anode surface [47]. However, degradation of
acetaminophen by this process could potentially generate inter-
mediates/oxidation products such as 4-benzoquinone, hydroquinone,
oxalic and oxamic acids, p-aminophenol, p-nitrophenol and NAPQI [6,
10, 11, 12, 20, 48]. These by-products could be more toxic and
bio-recalcitrant than the initial compound that are difficult to degrade by
using conventional methods [46]. Therefore, if electrochemical oxida-
tion is planned to be used, not only acetaminophen, but also its inter-
mediates/oxidation products must be degraded to ensure that not any
ecosystems impact and human health risk will occur.

On the other hand, several electrode materials have been used in
electrochemical processes for organic compounds degradation, such as
Pt, Au, boron-doped diamond (BDD), mixed metal oxide (MMO),
graphite and carbon. For their resistance to dissolution and corrosion and
excellent catalytic properties, MMO and BDD electrodes are preferred in
the electrochemical oxidation processes of organic compounds such as
pharmaceuticals, pesticides, dyes and industrial wastewaters. Unfortu-
nately, those electrodes are expensive, and their catalytic efficacy de-
pends not only on their composition but also on fabrication methods
[49]; therefore, these drawbacks limit their use in practical applications.
To overcome this weakness, much cheaper electrode materials could be
used. In this sense, stainless steel is a common and cheap alloyed material
available in the market. It is widely used in the industry sector because of
its mechanical workability, extraordinary electrical and thermal con-
ductivities, strength, corrosion resistance and affordability compared to
other noble metals such as platinum, gold and tantalum [50, 51]. The use
of stainless-steel electrodes in electrooxidation processes has been re-
ported in the literature for the treatment of copper cyanide, nitrites,
antibiotics, cinnamic acid and phenol effluents [52, 53, 54, 55]; however,
reports where such electrodes have been used to degrade pharmaceuti-
cals is very limited.

Thus, recently L�opez Zavala and Espinoza Estrada [6] achieved
promising results degrading successfully synthetic solutions of
2

acetaminophen and its transformation products by using an electro-
chemical oxidation cell with stainless steel electrodes fed with low direct
current densities that can be supplied by photovoltaic cells. However,
still remains the question about the performance and effectiveness of the
electrochemical oxidation process when, besides the pharmaceutical,
other constituents are also present in water, like those in surface water,
wastewater and drinking water. Therefore, in this work, performance and
efficacy of the electrochemical oxidation process is evaluated when
acetaminophen and its oxidation products are degraded in surface water.
Effects of pH and current densities on the degradation rates of the acet-
aminophen and its oxidation products are described. Oxidation kinetics,
electrochemical processes and mechanisms are also discussed. Further-
more, the results obtained in this research were compared with those
obtained in acetaminophen synthetic solutions reported by L�opez Zavala
and Espinoza Estrada [6] and with those reported by other researchers
for acetaminophen synthetic solutions using another advanced oxidation
processes and electrode materials such as electro-Fenton, photo-
electron-Fenton, solar photoelectron-Fenton and Pt/carbon-PTFE gas--
diffusion electrodes [56, 57].

The results obtained in this research are relevant and promising from
the practical point of view because the electrochemical oxidation process
with stainless steel electrodes degraded totally the pharmaceutical and its
transformation products in a real surface water, required very short re-
action times (even lower than those reported by other researchers for
acetaminophen synthetic solutions using another advanced oxidation
processes and electrode materials such as electro-Fenton, photoelectron-
Fenton, solar photoelectron-Fenton and Pt/carbon-PTFE gas-diffusion
electrodes [56, 57]), demanded low DC densities and needed a small pH
adjustment. The DC densities can be provided with photovoltaic cells and
the pH adjustment does not represent a real challenge in the practice.
Therefore, the electrochemical oxidation with stainless steel electrodes
could become a viable, feasible, affordable and sustainable technological
alternative to degrade pharmaceuticals and their transformation
products.

2. Materials and methods

2.1. Chemicals and materials

The chemicals used in this research were hydrochloride acid (HCl,
37%, Fermont, Mexico City, Mexico), methanol (J.T. Baker, Center Val-
ley, PA), potassium hydroxide (KOH, Sigma-Aldrich Toluca, Mexico),
acetaminophen (4-acetamidophenol, 98%, Sigma-Aldrich, Toluca,
Mexico), sulfuric acid (H2 SO4, Sigma-Aldrich, Toluca, Mexico), and
acetic acid (Fisher Scientific, Monterrey, Mexico). Additionally, ultrapure
water (Milli-Q water purification system, Bedford, MA) and surface water
from the ‘‘Rodrigo G�omez’’ dam located in Santiago, Nuevo Le�on,
Mexico, were used in this research.

2.2. Experimental device

The experimental device used in this work was similar to the elec-
trochemical oxidation cell reported by L�opez Zavala and Espinoza
Estrada [6] but modified to increase its volume up to 200 ml and have a
mesh of more resistant electrodes. 15 stainless steel electrodes (type 304,
7 cathodes and 8 “active” anodes) with 2 mm diameter and effective
length of 120 mmwere spaced approximately 2 mm each. Figure 2 shows
the schematic representation of the experimental device.

2.3. Characterization of surface water

Raw surface water was characterized based on parameters such as
chemical oxygen demand (COD), total organic carbon (TOC), total solids
(TS), total suspended solids (TSS), total dissolved solids (TDS), pH,
electrical conductivity (EC) and turbidity. Standard methods for the
analysis of water and wastewater [58] were used to determine TS, TSS,



Figure 2. Schematic representation of the experimental device.
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TDS and COD. Thermo Scientific Orion 3-Star equipment (Thermo Fisher
Scientific, Waltham, MA) was used to determine EC and pH, and a Hach
2100 N Turbidimeter (USA Hach Company, Loveland, CO) for turbidity.
High-performance liquid chromatography using an Agilent 1200
HPLC-DAD equipment (Agilent Technologies, Santa Clara, CA) was used
to analyze traces of acetaminophen in surface water.

2.4. Degradation of paracetamol and its oxidation products

Preparation of four surface water solutions of 10 mg/L-
acetaminophen was done. By using hydrochloric acid (HCl) and/or po-
tassium hydroxide (KOH), as required, initial pH of the solutions was
adjusted to 3, 5, 7 and 9. Then, electrochemical oxidation of samples of
each solution was conducted at DC densities of 12.3 mA/cm2 (8.5 V),
16.3 mA/cm2 (10 V) and 20.3 mA/cm2 (12 V), and different reaction
times 1, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 40, 50 and 60 min. The current
density here is referred to the surface area of “active” anodes. All ex-
periments were conducted on batch configuration. All samples were
filtered with 0.45μm polytetrafluoroethylene syringe filters and then
analyzed by triplicate using an Agilent 1200 HPLC-DAD equipment
(Agilent Technologies, Santa Clara, CA, USA). Analytes were separated
by using a 150 � 4.6 mm reverse phase monomeric Zorbax C18 column
with 5μm diameter spherical particles (MAC-MOD Analytical, Wilming-
ton, DE, USA). A mobile phase of methanol in ultrapure water (40/60/v/
v) was used to analyze the acetaminophen and its oxidation products
Table 1. Constituent's load of raw surface water and acetaminophen solutions.

Parameter RSW1 RSW1þAcm2 Solution

pH 3 pH 5

COD (mg/L) 15.7 24.10 24.10

TOC (mg/L) 2.85 10.15 10.15

Chlorides (mg/L) 4.2 322.10 203.17

pH 8.13 3.0 5.0

EC (us/cm) 412 902 493

Turbidity (NTU) 1.24 1.85 1.11

TS (mg/L) 322.4 — —

TSS (mg/L) 61.3 — —

TDS (mg/L) 261.1 — —

Note: 1 RSW: Raw surface water. 2 Acm: Acetaminophen. 3 MQW: Milli Q water.
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under the following operating conditions, temperature 30 �C, flowrate
1.0 mL/min, detection 254nm and injection volume 20 μL.

Due to the formation of sludge (iron oxides flocs) during experi-
ments, sludge was drained from the oxidation cell and dewatered
using 0.45μm polytetrafluoroethylene syringe filters; then the ex-
tracts were analyzed as described before with the aim of detecting the
presence of acetaminophen and oxidation products in the sludge
extracts.

3. Results and discussion

3.1. Surface water characterization

Raw surface water presented low constituent's loads. Table 1 sum-
marizes the characteristics of raw surface water and two acetaminophen
solutions prepared with surface water and MilliQ water at different pH
values. Acetaminophen and its oxidation products in raw surface water
were not detected by HPLC-DAD at 254 nm.

As seen in Table 1, COD and TOC of surface water increased when the
pharmaceutical was added to prepare the 10 mg/L acetaminophen so-
lutions. Cl� concentration also increased importantly when pH of surface
water solutions was adjusted to 3, 5 and 7 with HCl. As seen, resulting
concentration of Cl� in surface water solutions was greater than in syn-
thetic acetaminophen solutions (MQW þ Acm) because greater amount
of HCl acid was needed to adjust the pH.
MQW3þAcm2 solution

pH 7 pH 9 pH 3 pH 5

24.10 24.10 — —

10.15 10.15 — —

84.23 4.2 74.3 1.0

7.0 9.0 3.0 5.0

448 420 308 37.5

2.32 2.71 — —

— — — —

— — — —

— — — —
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3.2. Degradation of acetaminophen

Figure 3 shows the acetaminophen degradation for the three current
densities and four pH evaluated. As seen, acetaminophen in surface water
was totally oxidized. Oxidation was faster at higher current densities and
lower pH values. At 20.3 mA/cm2 and pH 3, acetaminophen was totally
oxidized at 2.5 min reaction time. Similar time was required at pH 5; but
the oxidation rate was faster at pH 3. At pH 7, the complete oxidation of
acetaminophen was achieved at 10 min reaction time; meanwhile at pH
9, the reaction time needed was 30 min. At 16.3 mA/cm2 and pH 3 and 5,
the reaction time required for complete degradation of the pharmaceu-
tical was also 2.5 min, similar to that observed at 20.3 mA/cm2. At pH 7
and 9, longer reaction times were needed to oxidize totally the acet-
aminophen, 20 min and 50 min, respectively. Acetaminophen degrada-
tion at 12.3 mA/cm2 was slower; at pH 3, total oxidation of the
pharmaceutical was reached at 5 min, meanwhile at pH 5 the required
reaction time for complete degradation of the compound was 7.5 min. At
pH 7 and 9, total oxidation of acetaminophen was registered at 30 and
120 min, respectively. As explained before, at 20.3 mA/cm2 and 16.3
mA/cm2 and at pH 3 and 5, the reaction time was the same, 2.5 min.
Figure 3. Degradation of acetaminophen at different current densities and pH
values. The figure shows the average of three replicates. (a) DC density: 20.3
mA/cm2; (b) DC density: 16.3 mA/cm2; (c) DC density: 12.3 mA/cm.2.
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These reaction times are shorter than those reported by other researchers
(6–55 min) for acetaminophen synthetic solutions using another
advanced oxidation processes and electrode materials such as electro-
Fenton, photoelectron-Fenton, solar photoelectron-Fenton and Pt/
carbon-PTFE gas-diffusion electrodes [56, 57]. This result is very sig-
nificant from the practical point of view because moderate current den-
sity and small adjustment of pH is needed to have very short reaction
time. Furthermore, the reaction times at pH 7 were no greater than 30
min for the three reaction times, which are still very attractive values. In
comparison with the results reported for synthetic acetaminophen solu-
tions [6], similarly, faster oxidation occurred at higher current densities
applied and lower pH values of the solutions. However, reaction times in
this study (surface water) were much shorter (See a comparison in
Table 2). This was an unexpected result because of the presence of solids,
ions, and organic matter in surface water that could affect the effec-
tiveness of the electrochemical oxidation. However, such constituents
contributed to have better performance as it is discussed later in this
document.

Note: 1 L�opez Zavala and Espinoza Estrada [6] estimated the current
densities based on the surface area of all electrodes. In this table, those
current densities were recalculated and presented respect to the surface
area of “active anodes”.

Electrochemical oxidation of acetaminophen was dominated by
different mechanisms depending on the pH and concentration of chloride
ions in the surface water solutions. In solutions with pH 9, chloride ions
were present in very low concentrations (See Section 3.1); therefore,
anodic oxidation (AO) dominated the degradation process and the oxida-
tion of acetaminophen occurred by either direct electron transfer to the
anode or mediated oxidation with reactive oxygen species (ROS) such as
“active oxygen” or hydroxyl radical (⋅OH) formed fromwater at the anode
[47, 56, 59, 60]. Thus, acetaminophen was electrochemically converted
into intermediates (discussed in section 3.3) by chemisorbed “active oxy-
gen” species, and then electrochemicallymineralized by physisorbed ⋅OH.

At high current densities, acetaminophen and water were simulta-
neously oxidized and the anode activity had a remarkable effect on the
selectivity and efficiency of the degradation process resulting either
electrochemical conversion or oxidation [47, 56]. By denoting the anode
as M, oxidation of water lead to the formation of the hydroxyl radical
(M(⋅OH)) by Reaction (1) [47,59].

MþH2O → Mð ⋅ OHÞ þ Hþ þ e�; (1)

Due to stainless steel electrodes are “active” anodes, the hydroxyl
radical (M(⋅OH)) interacted remarkably with the anode's surface that was
transformed into a chemisorbed “active oxygen” specie or superoxideMO
according to Reaction (2).

Mð ⋅OHÞ → MOþ Hþ þ e�; (2)

As seen in Reactions (1) and (2), formation of Hþ is indicated; this was
confirmed by the decrease of the solutions pH, from 9 to 6.2 (12.3 mA/
cm2), 6.4 (16.3 mA/cm2) and 6.8 (20.3 mA/cm2).

In addition to the heterogeneous ⋅OH, in AO other ROS such as H2O2
and O3 are formed from water at the anode surface by Reaction (3) and
Reaction (4), respectively; however, the physisorbed ⋅OH is the strongest.

2Mð ⋅OHÞ → 2MOþ H2O2; (3)

3H2O→O3 þ 6Hþ þ 6e� (4)

The electrochemical conversion of acetaminophen (R) was mediated
by the pair MO/M, according to Reaction (5)

MOþR → Mþ RO; (5)

In Reaction (5), the superoxide (MO) reacted with the pharmaceutical
forming acetaminophen oxidation products (RO), which were detected,
and they are discussed in Section 3.3.



Table 2. Reaction times (min) required to degrade acetaminophen in synthetic solutions (SS) and surface water solutions (SW).

DC density (mA/cm2) 11.01 12.3 14.61 16.3 18.31 20.3

pH SS SW SS SW SS SW

3 120 5.0 7.5 2.5 2.5 2.5

5 >900 7.5 570 2.5 240 2.5

7 >900 30 >900 20 240 10

9 >900 120 >900 50 540 30
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On the other hand, as described in section 2.4, HCl was used to adjust
the pH of the surface water solutions to 3, 5 and 7 values. Therefore,
chloride ions were available in such solutions due to the HCl dissociation
into Hþ and Cl�. Under these conditions, acetaminophen was electro-
oxidized by active chlorine species. Cl� ion was directly oxidized at the
anode to produce soluble chlorine (Cl2) by Reaction (6), then this
diffused away from the anode to be hydrolyzed and converted into hy-
pochlorous acid (HClO) and chloride ion according to Reaction (7):

2Cl� →Cl2 ðaqÞ þ 2e�; (6)

Cl2 ðaqÞþH2O⇌HClOþ Cl� þ Hþ; (7)

At pKa ¼ 7.55, hypochlorous acid is in equilibrium with hypochlorite
ion

HClO⇌ClO� þ Hþ; (8)

Under equilibrium conditions, the predominant species are ClO� at
pH > 8, HClO in the pH range 3–8, and Cl2 until pH near 3 [61]. Due to
the higher standard potential of Cl2 (E0 ¼ 1.36 V vs SHE) and HClO (E0 ¼
1.49 V vs SHE) compared to ClO� (E0 ¼ 0.89 V vs SHE), the mediated
oxidation with active chlorine species is faster in acid than in alkaline
media [47, 56]. Thus, in this work active chlorine species (Cl2 and HClO)
were generated at pH 3, 5 and 7 and attacked the acetaminophen
molecule in competition with ROS [60]. Cl2 and HClO had greater
degradative activity than reactive oxygen species (ROS) due to the
degradation activity of the “active” anodes (stainless steel electrodes)
was remarkably enhanced by the chloride ions present in the surface
water solution and generated active chlorine oxidized the pharmaceu-
tical, alone or in combination with hydroxyl radicals. These results agree
with those reported by [6] for acetaminophen synthetic solutions and by
[62] that degraded 80% and 95% of acetaminophen at 80 mA in 0.1 M
NaCl with Ti/RuO2 and boron anodes doped with diamond (BDD).
However, in this study, degradation rates were greater, and the reaction
times were faster than those obtained by [6] for acetaminophen synthetic
solutions (Table 2) and by [62] that reported 30 min reaction times.
Better performance of the electrochemical oxidation process in this
research, in comparison with acetaminophen synthetic solutions, was
due to the greater amount of HCl used to acidify the surface water, which
resulted in a higher chloride concentration and consequently in a greater
oxidation of the Cl� ion at the anode. Thus, greater soluble chlorine
formation enhanced the degradation of acetaminophen. However, at pH
9 (non-acidified solutions), the reaction times were also much shorter in
surface water than in synthetic solutions (see Figure 3); this means that
Figure 4. Degradation rate constants of acetaminophen in surface water. (a) effe
three replicates.
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surface water constituents (ions and solids) also played an important role
on the electrochemical oxidation process.

Analysis of degradation rate constants can give more details of the
effect of pH and current density on the electrochemical oxidation of
acetaminophen in surface water. Rate constants were estimated by
linearizing the curves of Figure 3 using a semi-log method (ln (C/Co) ¼
k⋅t þ lnA). In Figure 4, the effect of pH and current density on degra-
dation rate constants is shown. As seen, for all pH values the rate con-
stants are greater at higher current densities. This means that high
current densities enhanced the oxidation of acetaminophen; however,
their effect diminished as pH increased, especially remarkable at pH 9.
On the other hand, the degradation rate constants are greater at lower pH
values, irrespective the current density; however, at 16.3 mA/cm2 and
20.3 mA/cm2 the oxidation rate constants of acetaminophen were much
greater than a 12.3 mA/cm2. These results are in agreement with those
reported by other researchers for electrochemical oxidation of acet-
aminophen and other emergent pollutants such as colorants where the
optimum pH conditions for the oxidation are in the range of 2.5–3.5 [23,
56].

On the other hand, at pH 3, the rate constants at current densities 16.3
mA/cm2 and 20.3 mA/cm2 were very similar, 2.52 min�1and 2.66
min�1, respectively. This means that at pH 3 moderate current density
(16.3 mA/cm2) is required to have high degradation rates.

In comparison with the degradation rate constants obtained by [6] for
acetaminophen synthetic solutions; the rate constants obtained in this
study (surface water) were much greater (more than 2.5 times) for all pH
values and current densities evaluated. As mentioned above, these
greater degradation rates might be the result of greater soluble chlorine
formation in surface water due to the greater amount of HCl used to
acidify the solutions. However, at pH 9 (non-acidified solutions), also the
degradation rate constants of acetaminophen were much greater in sur-
face water than in synthetic solutions (k < 0.01/min); this confirms that
surface water constituents also play an important role on the electro-
chemical oxidation process, as mentioned above. Nonetheless, it is
necessary to conduct additional research to elucidate their contribution.
3.3. Degradation of acetaminophen intermediates/oxidation products

As discussed in section 3.2, depending on the surface water solutions
pH, theacetaminophendegradationcanbedominatedbyanodicoxidation
or by oxidation with active chlorine species. Under anodic oxidation,
acetaminophen intermediates are formed; while, oxidation with active
chlorine species generates oxidation products. These transformation
ct of pH and (b) effect of current density. The figure shows the average of



Figure 5. Degradation of acetaminophen and its transformation products at different reaction times at highest current density (20.3 mA/cm2) and the lowest pH (3).
(a) tr ¼ 0 min; (b) tr ¼ 1 min; (c) tr ¼ 2.5 min; (d) tr ¼ 60 min. TP refers to transformation products.
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products were detected not only in the treated effluent, but also in sludge
generatedduring the oxidationprocess. During experiments, the stainless-
steel electrodes suffered some level of oxidation that caused formation of
iron oxides flocs (sludge). These flocs were settled and analyzed to deter-
mine the presence of the acetaminophen intermediates/oxidation prod-
ucts. Because these transformation products are potentially more toxic
than the pharmaceutical itself, they must be also completely degraded.
Evidence of the formation and total degradation of these compounds is
shown in Figure 5 for the treated effluent and in Figure 6 for the sludge.
These figures include only chromatograms for the highest current density
(20.3 mA/cm2) and the lowest pH (3), where most of the transformation
products were detected; however, similar chromatograms were obtained
for other current densities and pH values (not included in this document).
Figure 6. Acetaminophen and its transformation products detected in the sludge at d
pH (3). (a) tr ¼ 0 min; (b) tr ¼ 1 min; (c) tr ¼ 2.5 min; (d) tr ¼ 60 min. TP refers t
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As seen in Figure 5a (tr¼ 0min), when the acetaminophen solutions were
prepared with surface water, besides the pharmaceutical five additional
peaks were detected, especially that at 1.264 min retention time. Indeed,
this peakwas the only onedetected in raw surfacewater and corresponded
to iron oxides. Other traces of compounds were generated during the so-
lutionpreparation, i.e. surfacewaterconstituentsandtheadditionofHClto
adjust the pH of the solution caused immediately some transformations of
the acetaminophen. This is can be confirmed because in case of acet-
aminophen synthetic solutions, tracesof transformationproductswerenot
detected during the solutions preparation [6]; therefore, surface water
constituents had some effect on the acetaminophen oxidation. Once the
electrochemical oxidation started (Figure 5b, reaction time tr ¼ 1 min)
acetaminophen degraded rapidly and seven transformation products
ifferent reaction times at highest current density (20.3 mA/cm2) and the lowest
o transformation products.



Figure 7. Effects of pH and current density on the degradation of intermediates/oxidation products of acetaminophen in surface water. The figure shows the average
of three replicates. (a) 12.3 mA/cm2 and pH 3; (b) 12.3 mA/cm2 and pH 9; (c) 16.3 mA/cm2 and pH 3; (d) 16.3 mA/cm2 and pH 9; (e) 20.3 mA/cm2 and pH 3; (f) 20.3
mA/cm2 and pH 9.
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beganappearingin the treatedeffluent.Thesecompoundsweredesignated
as TP1 (2.274), TP2 (2.590), TP3 (2.809), TP4 (3.026), TP5 (3.800), TP6
(2.715), and TP 7 (1.264) for the compound detected in surface water. As
reportedby[6],TP7correspondedto ironoxides; therefore, it isnotexactly
an acetaminophen oxidation byproduct, but it was also considered as a
transformation product of the oxidation process because its concentration
increased as reaction time increased.As seen,most of the compoundswere
generated at pH3, except the TP6 thatwas detected at pH9. This confirms
thatelectrochemicaloxidationwithactivechlorinespeciesgeneratesmore
byproducts than the anodic oxidation, as reported by [6]. No additional
transformation products were found in other pH values and current den-
sities. As seen, all acetaminophen transformation products were not
detected at 60 min reaction time.

On the other hand, the transformation products detected in the sludge
were TP 1 (2.274), TP 2 (2.590), TP 3 (2.809), TP 5 (3.800), and TP 7
(1.264), also found in the treated effluent; additionally, other two
7

compounds were detected TP 8 (3.431) and TP 9 (1.709), as seen in
Figure 6b (tr ¼ 1 min). No additional transformation products were
detected at other pH values and current densities. In general, peaks
height of transformation products is slightly higher in sludge than in the
treated effluent. This means that more than half of transformation
products were adsorbed to the flocs formed during oxidation. Similarly to
the treated effluent, in sludge most of the acetaminophen transformation
products were not detected at 60 min reaction time.

In comparison with acetaminophen synthetic solutions, five addi-
tional transformation products were detected in this study (surface
water). Such compounds were TP 2, TP 4, TP 6, TP 8 and TP 9. This
means that surface water constituents caused the formation of addi-
tional intermediates/oxidation products when acetaminophen is elec-
trochemically oxidized. Those compounds, detected in either synthetic
or surface water solutions, could be the transformation products re-
ported by literature, such as NH4

þ, NO3
- , 4-benzoquinone, hydroquinone,



Figure 8. Effects of pH and current density on the degradation of intermediate/oxidation products of acetaminophen detected in the sludge. The figure shows the
average of three replicates. (a) 12.3 mA/cm2 and pH 3; (b) 12.3 mA/cm2 and pH 9; (c) 16.3 mA/cm2 and pH 3; (d) 16.3 mA/cm2 and pH 9; (e) 20.3 mA/cm2 and pH 3;
(f) 20.3 mA/cm2 and pH 9.
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oxalic and oxamic acids, p-aminophenol, p-nitrophenol and NAPQI [6,
10, 11, 12, 20, 47]. However, identification of the transformation
products was not the scope of this work; but the assessment of the ef-
fects of pH and current density on their detection and degradation was.
As observed in chromatograms of Figures 5 and 6, all acetaminophen
transformation products were successfully degraded in approximately
60 min reaction time. TP 7, as mentioned above, corresponded to iron
oxides; therefore, its detection was expected to increase with the in-
crease of the reaction time. It is important to note that iron oxides do
not represent an environment concern neither a human health risk;
furthermore, they can be removed effectively from the treated effluent
by simple techniques.

Figure 7 presents more details of the effects of pH and current density
on the degradation of acetaminophen intermediates/oxidation products
in surface water. In general, greater number of transformation products
was observed at low pH values; furthermore, higher current densities and
8

lower pH values accelerated the degradation of intermediates/oxidation
products. TP 7 was not included in the subsequent figures and discussions
because iron oxides were not acetaminophen byproducts. At 12.3 mA/
cm2 and pH 3, most of the transformation products were totally degraded
at 30 min, except the TP 3 that took 60 min. At pH 9, complete oxidation
of the transformation products was achieved at 60 min reaction time;
however, total degradation of acetaminophen was obtained at 120 min.
At 16.3 mA/cm2 and pH 3, the reaction time needed to degrade most of
the transformation products was 25min, except for the TP 4 that required
60 min. At pH 9, longer reaction time (35 min) was required to achieve
complete oxidation of the transformation products; meanwhile, acet-
aminophen required 50 min. At 20.3 mA/cm2 and pH 3, most of trans-
formation products were completely degraded at 20 min, except the TP 4
that required 60 min reaction time. At pH 9, only the TP 1 was generated.
This transformation product and the acetaminophen required 30 min
reaction time to be completely degraded.



Table 3. Reaction times (min) required to degrade acetaminophen transformation products in synthetic solutions (SS) and surface water (SW).

DC density (mA/cm2) 11.01 12.3 14.61 16.3 18.31 20.3

pH SS SW2 SS SW2 SS SW2

3 360 60 240 35 120 30

53 >900 15 900 7.5 240 7.5

73 >900 25 900 15 240 10

9 >900 60 >900 50 540 35

Note: 1 L�opez Zavala and Espinoza Estrada [6] estimated the current densities based on the surface area of all electrodes. In this table, those current densities were
recalculated and presented based on the surface area of “active anodes”. 2 The highest values from treated effluent and sludge were selected. 3 Chromatograms and
figures not included in this work.

Figure 9. Current density and pH conditions needed to achieve complete degradation of acetaminophen and its transformation products in surface water at the
shortest reaction times. The figure shows the average of three replicates. (a) Treated effluent; (b) Sludge.
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Regarding the transformation products detected in sludge; as seen in
Figure 8, total degradation of the compounds was faster at high current
densities and lower pH values, similar to that observed in Figure 7. At
12.3 mA/cm2 and pH 3, 60 min reaction time was needed to achieve
complete degradation of transformation products; same reaction time
was required at pH 9. At 16.3 mA/cm2 and pH 3, total oxidation of
transformation products was observed at 35 min; meanwhile, at pH 9 the
reaction time required was 40 min. At 20.3 mA/cm2 and pH 3, the
transformation products were totally degraded at 30 min, but at pH 9 the
time needed was 35 min. In case of TP 1, some traces of this compound
were detected at 40 min and 50 min reaction times; however, these re-
sults should be associated to the inappropriate cleaning of the column or
contamination of the samples. As seen, the reaction times needed to
degrade totally the transformation products in both figures were quite
similar. This means that even though the generation of iron oxides, where
the transformation products were adsorbed, they were completely
degraded in very short reaction times, 60 min (maximum) at the lower
current density applied (12.3 mA/cm2) and at the pH values evaluated
(3–9). In comparison with acetaminophen synthetic solutions [6], the
reaction times required to achieve complete degradation of trans-
formation products were much shorter in surface. Table 3 summarizes
the reaction times for both types of acetaminophen solutions.

As mentioned in Section 3.2, the reason of greater degradation rates
of acetaminophen in surface water in comparison with synthetic solu-
tions might be the greater soluble chlorine formation in surface water
due to the greater amount of HCl used to acidify the solutions. However,
at 9 pH (non-acidified solutions), also the degradation rates of acet-
aminophen and its transformation products were much greater and the
reaction times were much shorter in surface water than in synthetic so-
lutions (see Table 2 and Table 3); this means that surface water constit-
uents also play an important role on the electrochemical oxidation
process; therefore, it is necessary to conduct additional research to
elucidate their contribution.

As seen from Table 3, the reaction times needed to oxidize totally the
transformation products in surface water were, in the worst case, only
9

25% of those needed in acetaminophen synthetic solutions for all pH and
current densities evaluated. In surface water, at pH 5 acetaminophen
transformation products were degraded completely in only 7.5 min, at
current densities 16.3 mA/cm2 and 20.3 mA/cm2. Furthermore, the
smaller number of transformation products were also generated at this
pH. These results are very promising from the practical point of view
because at 16.3 mA/cm2 and pH 5, not only acetaminophen, but also its
transformation products can be totally degraded in only 7.5 min (Table 3
and Figure 9). Moreover, considering that this current density can be
supplied by photovoltaic cells, the pH adjustment to 5 is practically
feasible, and the removal of iron oxides generated during the oxidation
process can be effectively done by simple and conventional settling or
granular filtration techniques.

On the other hand, oxidation of stainless electrodes in this study was
confirmed by the formation of iron oxide flocs and the deterioration of
the “active” anodes after several experiments. Indeed, this drawback is
commonly referred by those who prefer to use Pt, Au, boron-doped
diamond (BDD), mixed metal oxide (MMO), graphite and carbon as
electrode materials; however, it is important to remark that such mate-
rials are expensive and their catalytic efficiency depends on their
composition and fabrication methods. On the contrary, stainless steel is a
common alloyed material available in the market, much cheaper and has
properties such as mechanical workability, extraordinary electrical and
thermal conductivities, strength and corrosion resistance that make it
more affordable than other noble metals such as platinum, gold and
tantalum for practical applications. Therefore, electrochemical oxidation
with stainless steel electrodes could be a technological alternative with
enormous potential for degrading not only pharmaceuticals, but also
their intermediates/oxidation products.

4. Conclusions

Acetaminophen and its intermediates/oxidation products in surface
water were successfully degraded by electrochemical oxidation using
stainless steel electrodes. The effect of pH and current density on the
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oxidation process was assessed and the oxidation kinetics and mecha-
nisms involved were described. Additionally, the results of this research
were compared with those obtained in acetaminophen synthetic solu-
tions. At alkaline (pH 9) conditions, degradation of acetaminophen was
dominated by “active oxygen” species (anodic oxidation); meanwhile,
under acidic conditions (pH 3 and pH 5), degradation of acetaminophen
was dominated by “active chlorine” species. Thus, electrochemical
oxidation generated intermediates and oxidation products (trans-
formation products). In general, degradation of acetaminophen and its
transformation products was faster at high current densities and lower
pH values; however, conducting the electrochemical oxidation at mod-
erate current density and pH values (16.3 mA/cm2 and pH 5), good
performance of the process was achieved and not only acetaminophen,
but also its transformation products were totally degraded in only 7.5
min; furthermore, the smallest number of transformation products were
generated.

On the other hand, in surface water the electrochemical oxidation
process generated more transformation products (nine, including the
iron oxides) than in acetaminophen synthetic solutions (five, including
also the iron oxides). However, the degradation rates of acetaminophen
and its intermediates/oxidation products in surface water were much
faster (more than 2.5 times) and the reaction times much shorter (more
than 4.0 times) than in synthetic solutions at all current densities and pH
values evaluated. At low pH values (3 and 5), greater soluble chlorine
formation due to the higher HCl amount used to acidify the surface water
solutions could enhance the degradation rates of acetaminophen and its
transformation products. However, constituents of surface water could
also have an important role on the oxidation process because at pH 9
(non-acidified solutions) the degradation rates were also much greater
and the reaction times were much shorter in surface water than in
acetaminophen synthetic solutions. Undoubtedly, additional research is
needed to elucidate the chemical interactions and mechanisms that
enhanced the performance of the electrochemical oxidation in surface
water. However, the results obtained in this research are relevant and
promising from the practical point of view because the electrochemical
oxidation process with stainless steel electrodes degraded totally the
pharmaceutical and its transformation products in a real surface water,
required very short reaction times, demanded low DC densities and
needed a small pH adjustment. The DC densities can be provided with
photovoltaic cells and the pH adjustment does not represent a real
challenge in the practice.

Even though stainless steel is less resistance to dissolution and
corrosion than other noble metals and carbon derivative materials, its
low cost, availability in the market, and other mechanical, electrical,
thermal and strength properties make it attractive as electrode material
for practical applications. Therefore, the electrochemical oxidation with
stainless steel electrodes could become a viable, feasible, affordable and
sustainable technological alternative to degrade pharmaceuticals and
their transformation products.
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