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Abstract.	
	
This	 study	 evaluated	 the	 electrochemical	 advanced	 oxidation	 process	 (EAOP)	 using	
boron-doped	diamond	(p-Si/	BDD)	anode	in	the	abatement	of	the	antibiotic	norfloxacin	
(NOR).	The	influence	of	the	applied	current	density	(iapp),	initial	concentration	of	NOR,	
sodium	 sulfate	 (Na2SO4)	 concentration	 and	 reactor	 operation	 conditions	 were	
evaluated.	 The	mechanism	of	NOR	oxidation	 (direct	 or	 indirect)	was	 also	 studied	by	
cyclic	voltammetry	and	chronoamperometry.	The	 results	 showed	that,	depending	on	
the	iapp,	and	the	NOR	and	Na2SO4	concentration,	the	NOR	could	be	oxidized	by	direct	
electron	transfer,	with	the	carbon-sp2	impurities	on	the	p-Si/BDD	surface,	and	indirect,	
by	 persulfate	 ions	 (S2O8

2−),	 sulfate	 (SO4
•−)	 and/or	 hydroxyl	 radicals	 (HO•)	

electrogenerated	 at	 the	 anode	 surface.	 When	 the	 reactor	 is	 operated	 favoring	 the	
electro-generated	HO•,	NOR	abatement	and	chemical	oxygen	demand	(COD)	reduction	
are	simultaneous.	Conversely,	at	the	time	that	the	reactor	is	operated	favoring	the	NOR	
direct	oxidation	and	by	S2O8

2−	and	SO4
•−,	NOR	and	COD	reduction	are	not	parallel	leading	

to	high	byproducts	 formation.	Therefore,	 it	 is	 important	 to	know	 the	matrix	 content	
(organic	and	sulfate	content),	for	the	correct	choice	of	the	operational	parameters	that	
will	lead	to	a	low	byproducts	formation.	
	
Keywords:	Electrochemical	oxidation;	p-Si/BDD	electrode;	Norfloxacin;	Direct/indirect	
oxidation	
	
	 	



1. Introduction.	
	
The	presence	of	 contaminants	of	emerging	concern	 (CEC),	 including	pharmaceuticals	
and	personal	care	products	(PPCP),	is	increasingly	being	detected	at	low	levels	in	water	
[1].	In	the	case	of	pharmaceuticals,	the	antibiotics	are	one	of	the	main	drugs	used	by	
humans	and	animals	and	 reach	 the	water	bodies	 through	 ingestion	and	excretion	of	
unmetabolized	antibiotic,	pharmaceutical	and	hospital	wastewater,	disposal	of	unused	
medicinal	products	either	directly	 in	the	domestic	sewage	system	and	or	by	 leaching	
from	landfills	[2].	
	
The	high	discharge	of	antibiotics	 in	water	bodies	 is	endangering	the	reuse	of	 treated	
wastewater,	 usually	 a	 proposed	 solution	 to	 achieve	 sustainable	management	 of	 the	
water	 cycle	 [3].	 Studies	 have	 reported	 that	 fluoroquinolone	 antibiotics,	 such	 as	
norfloxacin	(NOR),	are	the	most	frequently	detected	in	Australia	[4],	Canada	[5],	 Italy	
[6],	Mexico	[7],	Sweden	[8]	and	USA	[9].	In	studies	conducted	by	Lindberg	et	al.	[10]	NOR	
was	detected	in	97%	of	samples	in	Sweden.	Zorita	et	al.	[8]	reported	a	70%	effectiveness	
in	 removing	 NOR	 using	 coagulation/	 flocculation	 operations.	 Furthermore,	 studies	
conducted	 by	 Kummerer	 [11]	 have	 shown	 that	 fluoroquinolones	 are	 not	 readily	
biodegradable.	
	
Water	 recycling	 is	 reusing	 treated	wastewater	 for	 beneficial	 purposes	 replenishing	 a	
ground	 water	 basin;	 water	 recycling	 can	 also	 offer	 resources	 and	 financial	 savings.	
However,	 wastewater	 treatment	 need	 to	 be	 tailored	 to	 meet	 the	 water	 quality	
requirements	 of	 a	 planned	 reuse	 [12].	 For	 this	 propose,	 recycled	water	 needs	 to	 be	
treated	following	standards,	criteria	and	regulation.	To	this	end,	processes	that	are	more	
efficient	in	removing	CECs	without	the	formation	of	toxic	products	need	to	be	further	
studied.	
	
In	this	context,	Electrochemical	Advanced	Oxidation	Process	(EAOP)	has	been	studied	in	
the	 degradation	 of	 many	 organic	 compounds	 [13–15].	 Nonetheless,	 the	 traditional	
anodes	 used	 in	 the	 EAOP	 process	 does	 not	 always	 lead	 to	 satisfactory	 current	
efficiencies	or	 removal	of	organic	contaminants	without	 the	 formation	of	more	 toxic	
byproducts	than	the	original	ones.	Boron-doped	diamond	(BDD)	electrodes	can	fill	these	
gaps	when	used	as	electrode	material.	
	
According	to	Kapałka	et	al.	[16]	BDD	have	technologically	important	features,	including	
an	inert	surface	with	low	adsorption	properties,	remarkable	stability	to	corrosion	even	
in	strong	acid,	and	extremely	high	overpotentials	for	oxygen	evolution.	Because	of	these	
properties,	electrolysis	in	water	discharge	region	of	the	BDD	electrodes	produces	a	high	
amount	of	hydroxyl	radical	(HO•)	that	is	weakly	adsorbed	on	the	surface,	and	therefore	
has	high	reactivity	for	the	oxidation	of	organic	compounds	(Eqs.	(1),	(2)	and	(3))	[17],	
enabling	effective	application	for	the	treatment	of	water.	
	

	 (1)	
	

	
(2)	



	

	
(3)	

	
The	NOR	degradation	by	BDD	anodes	has	already	been	reported	in	the	literature	[18].	
Coledam	et	al.	[18]	evaluated	the	influence	of	initial	pH	(3,	7	and	10),	temperature	(10,	
25	e	40	°C)	and	the	diamond-sp3/sp2-carbon	ratio	aiming	the	degradation	of	100	mg	L−1	
of	NOR	inbackground	solution	containing	0.1M	of	Na2SO4.	 It	was	found	that	the	NOR	
oxidation	 was	 successfully	 attained	 with	 BDD	 anodes	 of	 distinct	 characteristics,	
independently	of	the	solution	pH,	and	at	low	current	densities.	The	NOR	oxidation	was	
attributed	 to	 the	 hydroxyl	 radicals	 (HO•)	 and	 hydrogen	 peroxide	 (H2O2)	 electro-
generated	at	BDD	surface.	Nevertheless,	the	indirect	NOR	oxidation	by	persulfate	ions	
(S2O8

2−)	and	sulfate	radicals	(SO4
•−)	electro-generated	at	the	BDD	surface	[19–21]	was	

not	considered	by	the	authors.	
	
To	fill	this	gap	and	elucidate	how	the	direct	or	indirect	electrolytic	process	affects	NOR	
oxidation,	cyclic	voltammetry	and	chronoamperometry	measurements	were	carried	out	
with	different	NOR	and	Na2SO4	concentrations.	After	that,	the	abatement	of	the	NOR	by	
EAOP	using	a	p-Si/BDD2500	anode	was	accomplished.	The	main	operational	factors	such	
as	 applied	 current	 density	 (iapp),	 recirculation	 time,	 concentration	 of	 supporting	
electrolyte	(Na2SO4,	0.01	and	0.5	M)	and	initial	NOR	concentration	(10	and	30	mg	L−1)	
were	 evaluated.	 The	 kinetics,	 the	 mean	 values	 of	 the	 space-time	 yield	 and	 the	
accumulative	current	efficiency	were	also	studied.	
	
	 	



2. Material	and	methods	
	

2.1. Chemicals	
	
Norfloxacin	 was	 purchased	 in	 a	 local	 pharmacy	 (98%,	 Medley).	 Anhydrous	 sodium	
sulfate	 and	 sulfuric	 acid	 were	 of	 analytical	 grade	 supplied	 by	 Merck	 and	 Chemical	
Oxygen	 Demand	 (COD)	 reactants	were	 from	 Panreac.	 Solutions	were	 prepared	with	
deionized	water	with	a	conductivity	of	1	μS	cm−1	at	25	°C.	
	

2.2. Main	characteristics	of	BDD	electrode	
	

Boron-doped	 diamond	 (BDD)	 electrodes	 were	 purchased	 from	 NeoCoat	 SA	
(Switzerland),	where	they	were	obtained	by	the	hot	filament	chemical	vapor	deposition	
technique	on	p-Silicon	 substrate.	A	polycrystalline	 film	with	 thickness	of	 3.1	μm	and	
2500	 mg	 kg−1	 boron	 concentration	 were	 obtained.	 The	 resistivity	 of	 the	 p-Si/BDD	
electrode	was	14	mΩ	cm,	the	uniformity	within	100	mm	(3σ)	was	±5%	and	the	diamond-
sp3/sp2-carbon	 ratio	 was	 ~200.	 The	 values	 refer	 to	 the	 sp3/sp2	 ratio	 determined	 by	
Raman	spectroscopy,	as	provided	by	the	manufacturer.	
	

2.3. Voltammetry	and	chronoamperometry	experiments	
	
Electrochemical	measurements	were	carried	out	using	a	conventional	three-electrode	
cell	 with	 a	 capacity	 of	 100	 mL	 in	 conjunction	 with	 a	 computer-controlled	
potentiostat/galvanostat	Auto	lab	model	PGCTAT	302N.	p-Si/BDD	electrode	with	0.19	
cm2	was	used	as	the	working	electrode,	Ag/AgCl	(saturated)	as	a	reference	electrode	
and	platinum	(Pt)	as	the	counter	electrode.	Voltammetric	experiments	were	performed	
in	 unstirred	 solutions	 at	 scan	 rate	 of	 100	 mV	 s−1,	 whereas	 chronoamperometric	
experiments	 were	 performed	 in	 stirred	 solutions	 (with	 magnetic	 bar)	 to	 prevent	
diffusion	problems.	
	

2.4. EAOP	with	p-Si/BDD	electrode	
	
The	 abatement	 of	 the	 antibiotic	 NOR	 was	 carried	 out	 in	 a	 single	 compartment	
electrochemical	 flow	 cell,	 described	 in	 Fig.	 1.	 A	 p-Si/BDD	 electrode	was	 used	 as	 the	
anode	and	stainless	steel	AISI	304	was	used	as	the	cathode.	Both	electrodes	were	square	
shaped	with	a	geometric	area	of	100	cm2	each	and	an	electrode	gap	of	3	cm	was	used.	
The	electrolyte	was	 stored	 in	 a	 tank	with	 capacity	of	 1	 L	 and	 circulated	 through	 the	
electrolytic	cell	by	means	of	a	centrifugal	pump	with	a	flow	rate	of	30	L	h−1.	
	
The	assays	were	performed	in	galvanostatic	mode	at	different	applied	current	densities	
(iapp)	of	5,	10	and	20	mA	cm−2,	with	two	different	solutions	with	NOR	concentration	of	
0.031	(10	mg	L−1)	or	0.1	Mm	(30	mg	L−1),	using	a	0.01	or	0.5	M	Na2SO4	as	supporting	
electrolyte,	at	initial	pH	4.0.	No	control	of	pH	was	carried	out	during	the	EAOP.	
	

2.5. Analysis	
	



According	to	Huang	et	al.	[22]	the	NOR	has	a	characteristic	absorption	spectrum	and	a	
maximum	absorbance	peak	at	272	nm.	Therefore,	changes	in	the	UV/Vis	spectra	of	the	
NOR	may	 indicate	 its	degradation	or	 the	 formation	of	 reaction	 intermediates.	 In	 this	
sense,	changes	in	the	UV/Vis	spectra	were	evaluated	during	the	oxidation	experiments	
by	 UV/Vis	 spectroscopy	 (UV4	 ThermoSpectronic)	 using	 quartz	 cuvettes	 with	 10	mm	
optical	path.	Besides	the	qualitative	UV/Vis	spectra	changes,	based	on	the	272	nm	peak,	
a	concentration	curve	versus	absorbance	was	constructed	and	NOR	abatement	could	be	
also	monitored.	Then,	the	fraction	of	NOR	removal	(XNOR,	%)	can	be	calculated	by	the	
Eq.	(4):	

	
(4)	

	
where	C0	is	the	initial	concentration	of	NOR	and	C	is	the	concentration	of	NOR	at	any	
time,	determined	from	the	UV/Visible	analysis	at	272	nm.	
	
Studies	have	shown	that	the	degradation	of	various	organic	contaminants	follows	the	
pseudo-first	order	for	recirculation	systems	with	low	contaminant	concentrations	(C0	<	
100	mg	L−1)	[23–25].	Based	on	this	information,	the	apparent	kinetics	(kapp,	min−1)	for	
NOR	abatement	can	be	estimated	by	Eq.	(5):	
	

	 (5)	
	
where	t	is	the	time	(min).	
	
Chemical	oxygen	demand	(COD,	mg	L−1	of	O2)	was	assessed	by	closed	reflux	colorimetric	
method	 according	 to	 the	 Standard	 Methods	 for	 the	 Examination	 of	 Water	 and	
Wastewater	 [26].	 The	 fraction	of	COD	 reduction	 (XCOD,	%)	 can	be	 calculated	by	 the	
equation:	
	

	
(6)	

	
where	COD0	is	the	initial	concentration	of	COD	and	COD	is	the	concentration	of	COD	at	
any	time.	
	
The	pH	was	measured	by	a	micropH	2000	Crison.	
	
For	a	better	comprehension	of	the	obtained	results,	the	mean	values	of	the	space-time	
yield,	 (η,	 g	 L−1	 h−1),	 the	 accumulative	 current	 efficiency	 (f),	 and	 the	 specific	 energy	
consumption	(Es,	kW	h	kg−1),	referred	to	COD	were	also	calculated	according	to	the	Eqs.	
(7)–(9)	[27].	

	
(7)	

	
where	 COD0	 is	 the	 initial	 COD	 concentration	 (g	 of	 O2	 L−1)	 and	 COD	 is	 the	 COD	
concentration	at	any	time	of	treatment.	



	
(8)	

	
where	F	is	the	Faraday	constant	(C	mol−1),	V	is	the	volume	of	solution	(L)	and	I	 is	the	
applied	current	(A).	

	
(9)	

	
where	E	is	the	cell	voltage	(V).	
	
	 	



3. Results	and	discussion	
	

3.1. Electrochemical	measurements	
	
Before	 starting	 the	 NOR	 electrolysis,	 cyclic	 voltammetric	 and	 chronoamperometric	
experiments	 were	 performed	 to	 achieve	 information	 regarding	 the	 NOR	 oxidation	
mechanism	 (direct	 or	 indirect).	 The	 cyclic	 voltammetric	 curves	 shown	 in	 Fig.	 2	were	
obtained	in	aqueous	solution	adding	step-by-step	the	supporting	electrolyte	(Na2SO4),	
without	NOR,	at	a	scan	rate	of	100	mV	s−1.	As	it	can	be	seen	in	Fig.	2,	a	single	irreversible	
anodic	wave	 at	 ~2.1	 V,	 before	 the	 oxygen	 evolution,	 is	 found	 and	 the	 peak	 current	
density	(ip)	increases	proportionally	with	the	concentration	of	Na2SO4.	This	result	shows	
the	 probable	 formation	 of	 persulfate	 ions	 (S2O8

2−)	 and	 sulfate	 radicals	 (SO4
•−),	 that	

should	occur	 thought	 the	 reactions	of	 electro-generated	HO%	 (Eq.	 (10))	with	 sulfate	
anions	(SO4

2−),	reactions	(11)	and	(12).	The	HO•	has	a	short	lifetime,	and	sp2	sites	present	
at	the	p-Si/BDD	surface	have	high	adsorption	properties	that	can	help	the	retention	of	
SO4

2−	on	the	anode,	improving	the	efficiency	of	S2O8
2−	and	SO4

•−	generation	[21,28].	
	

	 (10)	
	

	 (11)	
	

	 (12)	
	
Therefore,	is	necessary	to	consider	that	the	oxidation	of	NOR	is	not	exclusively	mediated	
by	hydroxyl	radicals	but	also	by	persulfate	ions	and	sulfate	radicals.	
	
Fig.	3a	shows	the	typical	cyclic	voltammetric	curves	obtained	on	a	p-Si/BDD	with	the	
step-by-step	 injection	 of	 0.31	M	 NOR	 in	 a	 0.1	 M	 Na2SO4	 background	 solution.	 It	 is	
possible	to	observe	at	about	1.26	V	an	irreversible	anodic	shoulder	corresponding	to	the	
oxidation	of	NOR.	This	means	that	NOR	interact	with	the	carbon-sp2	in	p-Si/BDD	surface	
and	a	direct	 electron	 transfer	will	 occur	 (direct	 oxidation)	 if	 the	oxidation	process	 is	
conducted	at	a	potential	in	the	water	stability	region	(E	<	2.106	V	vs.	Ag/AgCl).	
	
To	better	visualize	these	results,	Fig.	3b	shows	the	expansion	of	Fig.	3a	in	the	1	to	1.5	V	
vs.	Ag/AgCl	 region.	The	 inset	graph	exhibited	 the	relationship	between	the	oxidation	
peak	current	density	(ip)	and	the	concentration	of	NOR.	At	a	scan	rate	of	100	mV	s−1	the	
ip	is	always	proportional	to	the	NOR	concentration,	meaning	that	the	NOR	oxidation	in	
the	 p-Si/BDD	 is	 controlled	 by	 diffusion	 [29],	 which	 can	 be	 confirmed	 by	 the	 linear	
response	observed	in	this	range.	
	
According	to	the	cyclic	voltammograms	presented	 in	Figs.	2	and	3,	depending	on	the	
concentration	ratio	between	Na2SO4	and	NOR	and	the	iapp,	different	situations	marked	
in	Fig.	3a	can	occur.	For	low	iapp,	if	low	overpotentials	are	reached	(line	1),	NOR	oxidation	
take	place	by	direct	 transfer	of	electrons	with	 the	carbon-sp2	 in	p-Si/BDD	surface	 to	
form	other	organic	products.	For	higher	iapp	(line	2),	such	that	the	reached	overpotential	
coincides	with	Na2SO4	oxidation,	 indirect	oxidation	can	occur	by	 the	HO•,	 S2O8

2−	and	
SO4

•−	.	Finally,	if	even	larger	iapp	are	used,	in	a	way	that	very	high	overpotentials	are	



achieved	(line	3),	 it	 is	possible	to	favor	the	NOR	abatement	by	the	electro-generated	
HO•.	
	
To	achieve	more	information	on	the	oxidation	mechanism	and	to	evaluate	if	any	direct	
electron	 transfer	 reaction	 takes	 place	 on	 the	 surface	 of	 the	 p-Si/BDD	 electrode,	
chronoamperometric	measurements	by	the	step-by-step	injection	of	NOR	into	the	0.1	
M	Na2SO4	solution	at	different	potentials	(1.260	and	2.406	V	vs.	Ag/AgCl)	were	carried	
out	[30].	
	
As	shown	in	Fig.	4a	(1.260	V	vs.	Ag/AgCl),	an	increase	of	the	steady	state	current	was	
observed,	with	an	increasing	concentration	of	NOR.	Furthermore,	the	current	density	
increases	 with	 a	 linear	 dependence	 on	 the	 NOR	 concentration	 (inset	 in	 Fig.	 4a),	
suggesting	the	presence	of	direct	electron-transfer.	In	fact,	according	to	Zhi	et	al.	[30],	
if	the	oxidation	of	organics	occurs	exclusively	by	the	HO•,	the	current	should	be	expected	
to	depend	with	1/[NOR].	Hence,	 in	accordance	with	all	 these	experimental	 facts,	 the	
present	results	clearly	indicate	that	a	direct	electrochemical	oxidation	pathway	can	be	
at	least	partially	attributed	on	the	surface	of	the	p-Si/BDD	electrode.	
	
Interestingly,	when	the	chronoamperometric	measurements	were	performed	at	2.406	
V	vs.	Ag/AgCl	(Fig.	4b),	a	higher	NOR	concentration	was	necessary	to	observe	a	slight	
increase	of	the	steady	state	current.	As	can	be	seen	in	Fig.	4b,	at	2.406	V	vs.	Ag/AgCl,	for	
the	first	NOR	additions	the	steady	state	current	decreased,	but	when	more	NOR	is	added	
the	steady	state	current	increase	gradually.	This	fact	shows	the	possible	simultaneous	
occurrence	of	different	processes:	HO•	and	S2O8

2−,	SO4
•−	mediated	reactions,	a	possible	

adsorption	 phenomenon	 (carbon-sp2	 sites)	 and	 direct	 oxidation	 at	 the	 p-Si/BDD	
electrode	surface,	the	last	one	being	detectable	in	Fig.	3.	According	to	Fig.	3a	when	high	
current	densities	are	applied,	HO•	 and	S2O8

2−,	SO4
•−	mediated	 reactions	are	probably	

more	favored	with	respect	to	direct	oxidation.	
	
	

3.2. EAOP	of	norfloxacin	
	
Based	on	the	results	found	in	Fig.	3,	the	reactor	was	operated	varying	the	ratio	between	
NOR	and	supporting	electrolyte	(Na2SO4)	at	different	applied	current	densities.	
	

3.2.1. Effect	of	applied	current	density	
	
The	experiments	aiming	to	evaluate	the	effect	of	the	iapp	(5,	10	and	20	mA	cm−2)	were	
carried	out	 in	0.01M	of	Na2SO4	background	solution	with	0.1mM	NOR	antibiotic.	The	
first	 point	 observed	 during	 these	 experiments	 is	 that	 the	 cell	 potential	 was	 almost	
constant	 during	 each	 experiment,	 indicating	 that	 no	 significant	 deterioration	 or	
passivation	phenomena	occurs	in	the	electrode.	
	
Fig.	 5a	 shows	 that	 for	 an	 iapp	 of	 5	 mA	 cm−2	 there	 is	 a	 linear	 decrease	 of	 the	 NOR	
abatement	while	 COD	 removal	 follows	 the	 same	 inclination	up	 to	 108	min,	where	 a	
difference	between	the	NOR	abatement	and	COD	removal	can	be	visualized.	When	the	



iapp	was	10	mA	cm−2,	the	NOR	abatement	follows	a	parallel	and	linear	tendency	to	COD	
removal	from	the	beginning	of	the	EAOP	until	the	final	time	of	144	min.	
	
On	the	other	hand,	when	the	iapp	is	20	mA	cm−2	one	can	observe	that	the	NOR	abatement	
runs	 parallel	 to	 the	 COD	 removal	 until	 the	 end	 of	 the	 EAOP	 and,	 after	 36	 min	 of	
oxidation,	NOR	abatement	and	COD	removal	begins	to	be	exponential.	This	means	that	
by	applying	a	current	of	5	or	10	mA	cm−2	the	process	is	not	kinetically	limited	by	mass	
transport,	meanwhile,	when	20	mA	cm−2	are	applied	there	is	a	mixed	kinetic	regime.	
	
This	behavior	can	be	explained	because	at	low	iapp,	this	system	would	be	working	in	the	
points	1	and/or	2	marked	in	Fig.	3a,	meaning	that	the	oxidation	of	NOR	occurs	by	direct	
electrons	transfer	with	the	carbon-sp2	atoms	on	BDD	surface	and	by	mediated	reactions	
by	the	persulfate	ions	and	sulfate	radicals.	For	higher	iapp,	the	system	would	be	working	
at	 the	 point	 3	marked	 in	 Fig.	 3a,	where	NOR	oxidation	 occurs	 primarily	 by	 hydroxyl	
radicals	formed	in	these	conditions.	In	this	case	the	NOR	abatement	and	COD	removal	
is	parallel,	while	in	the	above	cases,	the	NOR	abatement	is	faster	than	COD	removal.	
	
The	smaller	NOR	abatement	and	COD	removal	when	a	lower	current	is	applied	can	be	
explained	 because	 after	 a	 certain	 treatment	 time	 NOR	 is	 not	 the	 only	 organic	
component	in	the	solution.	In	fact,	the	remaining	byproducts	may	be	more	resistant	to	
oxidation	 than	 the	 parent	 one.	 Besides,	 due	 to	 the	 low	 concentration	 of	 organic,	
diffusion	problems	can	occur.	On	the	other	hand,	the	increase	on	the	applied	current	
led	to	an	increase	in	NOR	abatement	and	COD	removal.	This	increase	in	NOR	abatement	
and	 COD	 removal	 can	 be	 related	 to	 the	 formation	 of	 strong	 oxidizing	 species	 (HO•	
generated,	point	3	marked	in	Fig.	3a),	and	to	the	oxygen	evolution	reactions,	that	can	
promote	the	hydrodynamic	conditions,	thus	minimizing	the	mass	transport	limitations.	
	
The	inset	graph	suggests	the	same,	i.e.	increasing	the	iapp	there	is	also	an	increase	in	the	
rate	constant	values	calculated	at	 the	 final	 time	using	 the	Eq.	 (5).	 In	 the	operational	
parameters	of	EAOP	experiments,	for	all	iapp,	analysis	of	the	above	NOR	concentration	
abatement	by	means	of	kinetic	Eq.	(5)	related	to	simple	reaction	orders	revealed	that	
they	followed	a	pseudo-first-order.	From	the	representation	of	ln	(C/C0)	as	a	function	of	
the	time	shown	in	Fig.	4b,	a	rate	constant	(kʹ)	of	0.0044,	0.0060	and	0.0208	min−1	was	
calculated	for	5,	10	and	20	mA	cm−2,	respectively.	The	pseudo-first-order	abatement	for	
NOR	is	typical	of	the	removal	of	aromatics	by	EAOP	[31]	and	can	be	explained	by	the	
quasi-steady	content	achieved	for	HO%	since	these	species	cannot	be	accumulated	in	
the	anode	surface	or	in	the	bulk	solution	because	they	have	a	very	short	lifetime	[32].	
	

3.2.2. Effect	of	initial	norfloxacin	concentration	and	applied	current	densities	
	
The	experiments	aiming	to	evaluate	the	effect	of	the	initial	NOR	concentration	and	iaap	
were	carried	out	in	0.01	M	of	Na2SO4	background	solution	with	0.031	and	0.1	mM	of	
NOR,	and	different	iapp	of	5,	10	and	20	mA	cm−2.	
	
In	 Fig.	 6,	 two	 different	 behaviors	 can	 be	 observed	 as	 a	 function	 of	 the	 NOR	
concentration.	 For	 a	 lower	 NOR	 concentration	 (0.031	 mM)	 there	 is	 a	 higher	 NOR	
abatement	(Fig.	6a),	whereas	for	a	higher	concentration	of	NOR	(0.1	mM),	a	higher	COD	



removal	is	observed	(Fig.	6b).	In	fact,	the	small	difference	in	the	results	comparing	the	
NOR	concentrations	do	not	seem	to	have	a	higher	influence	on	the	results	of	the	EAOP.	
However,	this	behavior	can	be	explained	in	terms	of	the	mechanisms	that	control	the	
electrochemical	processes	[33].	
	
In	the	EAOP	of	concentrated	contaminants,	the	process	can	be	considered	kinetically	
controlled	for	a	significant	time	[34,35].	The	electro-generation	of	oxidants	in	the	anode	
surface	is	not	enough	to	oxidize	all	NOR	molecules	that	reach	this	zone.	Under	these	
conditions,	direct	oxidation	and	HO•	 indirect	oxidation	are	favored	over	the	oxidation	
by	 other	 electro-generated	 oxidants	 and	 consequently	 a	 higher	 COD	 removal	 is	
achieved.	 On	 the	 other	 hand,	 mass	 transfer	 controls	 the	 EAOP	 of	 more	 diluted	
contaminants.	The	concentration	of	oxidizing	agents	formed	in	the	anode	surface	is	very	
high	compared	to	the	amount	of	NOR	that	reaches	the	anode	surface,	and	the	short	
lifetime	 of	 HO•	 favors	 the	 formation	 of	 hydrogen	 peroxide	 or	 the	 oxygen	 evolution	
reaction	with	a	subsequent	reduction	in	current	efficiency.	Consequently,	the	persulfate	
ions	and	sulfate	radicals	are	formed	from	the	salts	present	in	the	electrolyte	and	this	
oxidant	may	 act	 in	 the	 anode	 surface	 and	 in	 the	 bulk	 solution,	 enhancing	 the	 NOR	
abatement,	although	the	overall	process	efficiency	tends	to	decrease	[36].	
	
Fig.	7a	shows	that	in	all	cases	the	space-time	yield	(η,	g	L−1	h−1)	increases	with	the	iapp.	
However,	the	evolution	with	time	depends	on	the	applied	current	densities	and	the	NOR	
concentration.	For	more	diluted	NOR	concentration	(0.031	mM),	the	evolution	of	space-
time	yield	calculated	from	COD	results	(Fig.	7a)	shows	an	exponential	decrease	with	time	
for	the	iapp	of	10	and	20	mA	cm−2.	According	to	García-Gabaldón	et	al.	[27],	these	results	
can	be	explained	because	when	the	iapp	is	higher	than	the	limiting	one,	an	exponential	
decrease	is	expected,	since	under	this	situation	the	contaminants	are	removed	from	the	
solution	at	the	maximum	reaction	rate.	
	
In	 addition,	 the	 exponential	 shape	 of	 Fig.	 7a	 usually	 is	 explained	 in	 terms	 of	 mass-
transfer	limitations	(in	the	range	of	NOR	concentration	studied	in	this	work),	assuming	
that	both	direct	oxidation	on	the	p-Si/BDD	surface	and	mediated	oxidation	by	HO•	and	
other	 oxidants	 electro-generated	 from	 the	 supporting	 electrolyte	 contribute	 to	 the	
electrochemical	process	[37–39].	On	the	other	hand,	for	the	iapp	of	5	mA	cm−2,	a	linear	
shape	can	be	noted.	This	means	that,	in	this	case,	the	EAOP	was	conducted	at	currents	
lower	 than	 the	 limiting	 one	 and	 the	 contaminants	 are	 under	 current	 control.	
Additionally,	with	the	reactor	operating	with	an	applied	current	above	the	limiting	one,	
there	 is	 an	 increase	 of	 the	 space-time	 yield	 related	 to	 the	 increase	 on	 the	 applied	
current.	This	can	be	explained	by	a	higher	generation	of	O2	at	the	anode	and	H2	on	the	
cathode,	promoting	higher	turbulence.	
	
In	contrast,	for	higher	NOR	concentration	(0.1	mM)	the	specific	yield	remains	practically	
constant	over	the	time	for	all	 iapp,	which	would	be	an	 indication	that	 in	this	case	the	
reactor	would	be	working	below	the	limiting	current,	corresponding	to	the	generation	
of	HO•,	and	that	the	process	is	not	under	control	by	mass	transfer.	
	
The	results	of	accumulative	current	efficiency	calculated	from	COD	results	(f)	(Fig.	7b)	
shows	that	an	increase	in	the	iapp	does	not	lead	to	an	increase	in	the	current	efficiency	



of	the	oxidation	process.	Generally,	in	the	low	applied	current	range,	when	the	EAOP	is	
not	kinetically	limited	by	the	mass	transport	of	the	contaminants	to	the	anode	surface,	
an	increase	in	iapp	leads	to	higher	contaminant	removal.	On	the	other	hand,	in	the	high	
applied	current	 range,	when	 the	process	 is	mass	 transport	 controlled,	an	 increase	 in	
applied	current	enhance	the	reaction	of	O2	evolution,	thus	giving	rise	to	a	decrease	in	
current	 efficiency.	 For	 intermediate	 iapp	 values,	 when	 the	 process	 is	 under	 a	 mixed	
kinetic	regime,	higher	iapp	values	should	cause	an	increase	in	the	contaminant	removal	
but	also	a	decay	in	current	efficiency	[35].	
	
The	low	current	efficiency	values	obtained	are	typical	of	processes	in	which	the	organic	
contaminant	concentration	is	very	low	[35,36].	Furthermore,	the	low	current	efficiency	
values	observed	are	related	to	secondary	reactions,	such	as	the	generation	of	oxygen	
through	 the	 HO•	 formed	 on	 the	 anode	 surface,	 which	 were	 not	 used	 in	 the	 NOR	
oxidation	 (Eq.	 (13)),	 the	 sulfate	 oxidation	 (Eqs.	 (11)–(12)),	 the	 electro-generation	 of	
hydrogen	peroxide	(Eq.	(14))	and	the	hydrogen	peroxide	oxidation	by	hydroxyl	radicals	
(Eq.	(15))	[31,37].	
	

	 (13)	
	

	 (14)	
	

	 (15)	
	
Moreover,	in	smaller	concentrations	of	NOR	(0.031	mM)	there	is	also	a	reduction	in	the	
current	efficiency.	The	COD	removal	in	diluted	NOR	solutions	decreases	exponentially	
with	 time	 to	 10	 and	20	mA	 cm−2	 and	 this	 behavior	 is	 characteristic	 of	mass-transfer	
controlled	processes.	The	smaller	concentration	cannot	enhance	the	rate	of	oxidation	
of	the	organics	at	the	electrode	but	rather	favors	anodic	side	reactions	[30,38].	The	low	
values	of	f	can	also	be	attributed	to	the	low	presence	of	the	NOR	in	solution	and/or	to	
the	 generation	of	more	persistent	 byproducts,	 that	 is,	 products	 that	will	 react	more	
slowly	 with	 hydroxyl	 radicals	 and	 sulfate	 radicals,	 electro-generated	 in	 the	 anode	
surface.	
	
Fig.	 7c	 shows	 that	 for	 lower	 NOR	 concentrations	 (0.031	 mM)	 the	 specific	 energy	
consumption	 is	 higher	 when	 compared	 to	 the	 values	 calculated	 for	 higher	 NOR	
concentrations	(0.1	mM).	This	phenomenon	can	be	attributed	to	hydrogen	and	oxygen	
evolution,	causing,	consequently,	an	energy	consume	increase.	
	

3.2.3. Influence	 of	 supporting	 electrolyte	 concentration	 and	 applied	 current	
densities	

	
The	 influence	 of	 supporting	 electrolyte	 concentration	 (Na2SO4,	 0.01	 and	 0.5	M)	was	
evaluated	using	a	NOR	concentration	of	0.1mM	and	iapp	of	10	or	50	mA	cm−2.	Fig.	8	shows	
that	the	NOR	abatement	increased	with	the	increase	of	Na2SO4	concentration,	but	the	
similar	tendency	of	COD	removal	was	not	observed.	When	the	concentration	of	Na2SO4	
increased	from	0.01	to	0.5	M,	the	ionic	force	and	conductivity	of	the	solution	favors	the	
movement	of	generated	ions	and	the	transport	of	strong	oxidants	from	the	surface	of	



the	anode	to	the	bulk	of	the	solution,	leading	to	an	increased	removal	efficiency	[39].	
Meanwhile,	when	the	concentration	of	Na2SO4	is	higher,	more	anions	would	move	to	
the	anode	under	the	influence	of	electric	field.	Therefore,	the	number	of	active	sites	of	
the	electrode	would	be	reduced,	causing	a	decrease	tendency	of	abatement	efficiency	
[40].	
	
Studies	 carried	 out	 by	 Lin	 et	 al.	 [41]	 demonstrated	 that	 the	 higher	 electrolyte	
concentration,	the	lower	cell	voltage,	which	can	reduce	the	power	consumption.	On	the	
other	 hand,	 according	 to	 the	 energy-band	 theory,	 the	 low	 voltage	may	 not	 provide	
sufficient	potential	to	activate	electron	transfer	and	thus	reduces	the	COD	removal.	It	is	
also	important	to	note	that	an	increase	in	current	density	from	10	to	50	mA	cm−2	does	
not	enhance	the	oxidation	efficiency	or	oxidation	rate	(COD	removal)	since	it	favored	
the	occurrence	of	the	oxygen	evolution	reaction	and/or	of	mass	transport	limitations.	
	
In	the	meantime,	it	is	demonstrated	in	the	cyclic	voltammetry	studies	that	other	strong	
oxidizing	species	can	also	be	electro-generated	in	the	p-Si/BDD	surface,	such	as	the	SO4

•−	

and	 S2O8
2−	 coming	 from	 the	 oxidation	 of	 the	 anion	 of	 the	 supporting	 electrolyte.	

Consequently,	the	high-applied	current	density	can	favor	mediated	oxidation	less	by	HO•	
electro-generated	 from	water	 decomposition	 and	more	 by	 SO4

•−	 and	 S2O8
2−	 electro-

generated	from	supporting	electrolyte.	Then	SO4
•−	and	S2O8

2−	can	act	in	the	electrode	
surface	and	in	the	bulk	of	solution	increasing	the	NOR	abatement	and	the	reaction	rate	
showing	a	pseudo-first	order	 kinetics	 (inset	 graph),	which	not	 leads	 to	 the	 complete	
oxidation	 to	 CO2	 but	 rather	 to	 more	 resistant	 byproduct	 formation.	 The	 kapp	 value	
estimated	from	Eq.	(5)	for	distinct	Na2SO4	concentrations	(0.01	and	0.5	M)	and,	at	the	
same	iaap	were	0.0060	and	0.0369	min−1,	respectively.	For	0.5M	of	Na2SO4	and	50	mA	
cm−2	it	was	not	possible	to	estimate	the	kapp	value,	because	at	36	min	there	is	no	NOR	
present	in	the	solution.	
	
Fig.	9	shows	the	changes	in	UV/Vis	spectra	for	the	different	samples	obtained	during	the	
EAOP.	This	analytical	technique	can	give	qualitative	information	about	the	formation	of	
byproducts	and	thus	information	on	the	oxidation	routes.	As	it	can	be	seen	in	Fig.	9a,	
when	the	EAOP	conditions	were	0.01	M	of	Na2SO4	and	the	iapp	is	10	mA	cm−2,	UV/Vis	
spectrum	showed	a	small	peak	in	192	nm	(1)	and	210	nm	(2),	one	peak	in	272	nm	(3)	
and	a	shoulder	that	begins	at	approximately	305	nm	and	ends	at	330	nm	(4).	It	is	noted	
that	with	the	time	passing	the	intensity	of	all	peaks	decreases	proportionally.	
	
On	the	other	hand,	by	 increasing	the	amount	of	Na2SO4	from	0.01	to	0.5	M	(Fig.	9b)	
there	 is	 an	 increase	of	 the	peak	1	and	peak	2	and	a	decrease	of	 the	peaks	3	and	4.	
Consequently,	the	increased	in	the	peak	1	can	be	attributed	to	protonated	form,	or	vice	
versa	(pH	increased,	Fig.	10)	and	peak	2	can	be	linked	to	the	formation	of	byproducts.	
Moreover,	when	the	iapp	is	50	mA	cm−2	(Fig.	9c)	there	is	a	complete	removal	of	peaks	3	
and	4	in	the	first	36	min.	However,	it	is	explicit	the	byproducts	formation	which	can	be	
viewed	in	a	peak	2	at	approximately	210	nm	(that	can	be	associated	to	carboxylic	acids	
from	decarboxylation	of	NOR	[42])	and	the	protonated/unprotonated	effect	in	the	peak	
1.	 These	 results	 indicate	 that	 the	 oxidation	 of	 NOR	 can	 lead	 to	 the	 formation	 of	
byproducts	prior	to	the	formation	of	carbon	dioxide,	what	justifies	the	changes	in	the	
COD	removal	and	NOR	abatement	values	previously	discussed.	



These	 results	 can	 also	 be	 linked	 to	 the	 marked	 points	 in	 Fig.	 3a.	 For	 the	 lowest	
concentration	of	the	Na2SO4	(0.01	M)	and	the	iapp	of	10	mA	cm−2,	the	reactor	was	being	
operated	in	the	point	3	of	voltammogram,	where	the	formation	of	HO•	is	facilitated	and	
NOR	oxidation	occurs	primarily	by	these	radicals,	in	which	case	the	COD	decreases	more	
than	in	other	cases.	
	
When	 the	concentration	of	 the	electrolyte	 increased	 to	0.5	M,	 the	 reactor	would	be	
operated	 in	 the	 point	 2	 of	 voltammogram,	 in	 a	 way	 that	 NOR	 is	 oxidized	 by	 direct	
electron	 transfer	 on	 carbon-sp2	 content	 on	 the	 p-Si/BDD	 surface,	 SO4

•−	 and	 S2O8
2−,	

generating	byproducts	previously	mentioned	(modification	 in	the	UV/Vis	spectra,	Fig.	
9a,	b	and	c).	 In	 the	 latter	case,	 the	process	was	controlled	by	mass	 transfer	of	NOR,	
therefore	 C/C0	 decreases	 exponentially	 and	 COD	 removal	 is	 less	 than	 the	 NOR	
abatement.	
	
In	addition,	for	the	concentration	of	0.5	M	of	Na2SO4,	when	the	iapp	is	increased	from	10	
to	50	mA	cm−2,	the	NOR	abatement	reaction	rate	increases.	However,	the	COD	removal	
is	even	smaller.	This	is	in	accordance	with	previously	mentioned,	i.e.	the	reactor	is	being	
operated	at	the	point	2	marked	on	the	voltammogram	and	the	NOR	oxidation	occurs	
fundamentally	by	SO4

•−	and	S2O8
2−,	leading	to	incomplete	oxidation	of	NOR	what	agrees	

to	the	results	showing	that	peak	2	marked	in	the	UV	spectra,	is	higher	for	the	highest	
applied	current.	
	
From	the	Figs.	8	and	9a,	b	and	c,	it	is	possible	to	conclude	that	the	fast	NOR	abatement	
associated	 to	 the	 low	 COD	 removal,	 when	 0.5	 M	 of	 Na2SO4	 was	 used,	 lead	 to	
intermediate	 products	 formation,	 causing	 an	 increase	 in	 the	 pH	 values	 that	 can	 be	
observed	 in	 Fig.	 10.	 As	 presented	 in	 the	 literature	 [43],	 a	 possible	 mechanism	 for	
generating	 sulfate	 radicals	 is	 through	 the	 interaction	 of	 the	 sulfate	 present	 in	 the	
solution	with	the	hydroxyl	radical	(Eq.	(16)),	resulting	in	sulfate	radicals	and	hydroxyl.	By	
increasing	the	amount	of	sulfate	(Eq.	(16))	and	the	applied	current	(what	will	result	in	a	
water	splitting	process	as	described	by	reaction	17)	[43],	there	may	be	an	increase	of	
hydroxyls	concentration	in	solution,	shifting	the	pH	to	higher	values.	
	

	 (16)	
	

	 (17)	
	
	 	



4. Conclusions	
	
The	 ratio	 between	 Na2SO4	 and	 the	 NOR	 concentration	 as	 well	 as	 the	 iapp	 leads	 to	
different	situations.	For	low	iapp,	if	low	overpotentials	are	reached,	NOR	oxidation	take	
place	by	direct	transfer	of	electrons	with	carbon-sp2	atoms	on	the	p-Si/BDD	surface	to	
form	byproducts.	 For	 higher	 iapp,	 such	 that	 the	 reached	overpotential	 coincides	with	
Na2SO4	 oxidation,	 mediated	 oxidation	 can	 occur	 from	 the	 SO4

•−	 and	 S2O8
2−	 formed	

leading	to	a	higher	byproducts	 formation.	Finally,	 if	even	 larger	current	densities	are	
applied,	in	a	way	that	very	high	overpotentials	are	achieved,	it	is	possible	to	generate	
HO•,	and	simultaneous	NOR	abatement	and	COD	removal	was	achieved.	Therefore,	the	
choice	of	the	correct	parameters	can	 improve	the	process	efficiency	and	prevent	the	
formation	of	unwanted	byproducts.	
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FIGURES	
	
	
	

	
	

Fig.	1.	Scheme	of	the	reactor	used	for	bulk	oxidation	of	NOR	on	BDD	anode.	(a)	Set	up	
used:	1	is	a	reservoir,	2	is	a	pump,	3	is	a	power	supply	and	4	is	the	electrochemical	cell.	
(b)	Electrochemical	cell:	5	is	the	electrolyte	inlet,	6	is	the	electrolyte	outlet,	7	and	8	are	
the	electrical	connections,	9	is	the	BDD	anode,	10	is	AISI	304	L	cathode	and	11	is	the	
electrolysis	compartment.	
	
	 	



	
	

Fig.	2.	Cyclic	voltammogram	response	of	p-Si/BDD	by	adding	Na2SO4	step-bystep	at	scan	
rate	of	100	mV	s−1.	Inset	graph	shows	the	relationship	between	peak	current	density	(ip)	
and	the	Na2SO4	concentration.	
	
	 	



	
	

Fig.	3.	Cyclic	voltammogram	response	of	p-Si/BDD	(a)	step-by-step	injection	of	0.31	M	
of	NOR	in	0.1	M	of	Na2SO4	background	solution	at	scan	rate	of	100	mV	s−1,	and	(b)	the	
amplification	 of	 irreversible	 anodic	 wave	 corresponding	 to	 direct	 electron	 transfer	
between	NOR	and	p-Si/BDD	surface.	Inset	graph	shows	the	relationship	between	peak	
current	density	and	the	NOR	concentration.	
	
	 	



	
	

Fig.	4.	Chronoamperometric	response	of	p-Si/BDD	electrode	to	step-by-step	injection	of	
NOR	in	a	0.1	M	of	Na2SO4	background	solution	at	different	potentials:	(a)	1.260	V	vs.	
Ag/AgCl	and	(b)	2.406	V	vs.	Ag/AgCl.	Inset	shows	the	correspondent	ip	as	a	function	of	
NOR	concentration.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	

Fig.	 5.	 Influence	of	 the	 iapp	 in	 the	 (a)	NOR	 abatement	 and	COD	 removal.	 (b)	Natural	
logarithm	of	C/C0	as	function	of	the	time.	EAOP	initial	conditions:	0.1	mM	of	NOR	in	0.01	
M	of	Na2SO4	background	solution,	pH	4	at	25	°C.	
	
	 	



	
	

Fig.	6.	 Influence	of	the	NOR	concentration	and	iapp	 in	the	(a)	NOR	abatement	and	(b)	
COD	 removal.	 EAOP	 initial	 conditions:	0.031	or	0.1	mM	of	NOR	 in	0.01	M	of	Na2SO4	
background	solution,	pH	4	at	25	°C.	
	
	
	
	 	



	
Fig.	7.	Effect	of	the	NOR	concentration	and	iapp	in	the	(a)	space-time	yield	(η),	(b)	current	
efficiency	(f)	and	(c)	specific	energy	consumption	(Es).	EAOP	initial	conditions:	0.031	or	
0.1	mM	of	NOR	in	0.01	M	of	Na2SO4	background	solution,	pH	4	at	25	°C.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
Fig.	 8.	 Influence	 of	 the	 supporting	 electrolyte	 concentration	 and	 iapp	 in	 the	 (a)	 NOR	
abatement	and	(b)	COD	removal.	EAOP	initial	conditions:	0.1	mM	of	NOR	in	0.01	or	0.5	
M	of	Na2SO4	background	solution,	pH	4	at	25	°C.	
	 	



	
Fig.	 9.	 Changes	 in	UV/Vis	 spectra	 due	 to	 the	 influence	 of	 the	 supporting	 electrolyte	
concentration	and	the	iapp.	Electrolysis	carried	out	at	(a)	0.01	M	of	Na2SO4	and	10	mA	
cm−2,	(b)	0.5	M	of	Na2SO4	and	10	mA	cm−2	and	(c)	0.5	M	of	Na2SO4	and	50	mA	cm−2.	EAOP	
initial	conditions:	0.1	mM	of	NOR,	pH	4	at	25	°C.	
	 	



	
Fig.	10.	pH	changes	as	a	function	of	the	supporting	electrolyte	and	the	iapp.	EAOP	initial	
conditions:	0.1	mM	of	NOR	in	0.01	or	0.5	M	of	Na2SO4	background	solution,	pH	4	at	25	
°C.	
	
	
	


