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A B S T R A C T   

Research studies combining the detailed physicochemical properties’ analysis, the catalytic activity in different 
real aqueous matrices, the proposal of degradation mechanisms and the stability of the intermediates/by- 
products by means of the Density-functional theory (DFT) are scarce. Therefore, this work gives a step for
ward in the field of circular economy and the removal of emerging pollutants such as the antibiotic ciprofloxacin, 
covering all the previously aspects mentioned, using four iron and nickel-based catalysts from two different 
sewage sludge. 

Experimental results revealed a significant influence of both the source of the sewage sludge and the activating 
agent used (iron chloride, nickel chloride and a mixture of both) on the physicochemical properties of the 
materials and, hence, on their catalytic activity. FTIR studies and chemical composition evidenced that the use of 
this biomass precursor leads to the generation of a wide variety of functional groups and heteroatoms in the 
synthesized catalyst structure. Moreover, they showed a combination of Type I-IV isotherms with H3-H4 type 
hysteresis loops, being mainly mesoporous materials and exhibiting a moderate microporosity except when 
nickel chloride was used solely as activating agent. The carbonaceous materials reached ciprofloxacin adsorption 
capacities in the range of 40.4–73.9 mg/g. The use of nickel chloride showed the lowest adsorption contribution 
and catalytic activity. The bimetallic catalyst (synthesized from a mixture of iron and nickel chloride) showed 
slightly higher catalytic activity than that found for the iron catalyst, but the metal leaching was also consid
erably higher. Consequently, the use of iron chloride solely as activating agent seems to be the better alternative, 
achieving a maximum ciprofloxacin removal around 99.7 % and an iron leaching concentration into the reaction 
medium of 0.48–0.61 mg/L. The main degradation pathways of ciprofloxacin were proposed according to the 
detection of LC-MS intermediates and DFT calculation, indicating the most likely areas of attack of reactive 
species on atoms with a high Fukui index (f0).   

1. Introduction 

The demand for water is increasing as the world’s population grows. 
Over the years, the fundamental problem limiting our water availability 
is the pollution of the various aqueous matrices. In this regard, both 
human and naturally occurring activities contribute to water pollution. 
The origin of pollution is mainly due to human activities both in urban 
and industrial areas, hospitals, veterinary clinics, etc [1–4]. Among all 

the various pollutants present in water, pharmaceutical residues deserve 
special attention, organic compounds that are classified as emerging 
pollutants, mainly due to their persistence in the conventional waste
water treatment plants [5–7]. 

Pharmaceutical compounds are used every day around the world, 
either in hospitals for the treatment of human diseases, or in veterinary 
clinics or farms for the treatment of animal infections. Depending on the 
chemical characteristics of the pharmaceutical compound, 5 to 90 % are 
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excreted from the body as parent compounds [8–10]. Thus, it can be said 
that a large amount of pharmaceuticals are consumed in hospitals on a 
daily basis. In addition, hospitals discharge their wastewater directly 
into the public sewage system without any pretreatment. It should be 
noted that several antibiotics are usually present in the natural envi
ronment, such as fluoroquinolones, in which ciprofloxacin is included, 
hold the fourth position in the European market of antibiotics, with a 
tendency to increase in all countries and been detected in different 
environmental systems, e.g. soils, sediments, rivers and groundwater, 
among others [11–14]. Moreover, as antibiotics are highly bioactive 
compounds, there is high concern about their role in increasing anti
biotic resistance among pathogenic bacteria [13]. Thus, numerous 
studies have been conducted reporting the presence of these pharma
ceutical compounds in wastewater treatment plants (WWTPs) as well as 
into freshwater bodies, where they may be frequently detected at low 
concentrations [15–18]. 

On the other hand, activated sludge from a wastewater treatment 
plant is the main waste from biological treatment [19,20]. It has been 
estimated that the generation of this waste worldwide (in dry sludge) 
reached 45 million tons, and its production is expected to continue to 
grow, predicting a 24 % increase by 2030 and a 51 % increase by 2050 
[20,21]. Because these sludges may contain hazardous substances, their 
adequate treatment is essential [20,22]. In this scenario, it is mandatory 
to adopt a paradigm shift, in terms of resource consumption by the 
population to achieve a circular economy. In recent years, several 
effective sewage sludge treatment technologies have been developed, 
among which pyrolysis stands out as a promising method, being used to 
synthesize biochars [23,24]. As these dried sludges contain up to 55–70 
% of organic matter, pyrolysis allows reducing carbon by immobilizing 
it into the biochar [25,26]. Sludge is a bioresidue produced worldwide 
[20,27], and its valorization is a key issue of the circular economy. It is 
therefore a strategy to change the consumption pattern of the European 
population towards a circular, climate-neutral economy that minimizes 
the impact on the environment. 

Activated carbons obtained from sewage sludge are generally char
acterized by their large surface functional groups, moderate-high spe
cific surface area as well as a developed porosity [28–30]. This allows 
them to be applied in many applications as adsorbents, catalysts or even 
as soil amendments [30,31]. In recent years, advanced oxidation pro
cesses (AOPs) have been widely applied in the treatment of wastewater 
containing organic pollutants that are difficult to degrade. In these AOP 
processes, hydroxyl radicals are used to decompose these organic pol
lutants into smaller molecules or to remove them completely, obtaining 
CO2 and H2O [32,33]. With reference to the advances made in their 
application to antibiotics removal, several research papers have been 
reported that allow the removal of these compounds to be studied from a 
critical point of view [34–37]. In particular, these reports provide in
formation about the degradation of ciprofloxacin from the aqueous 
environment. For example, Anjali and Shanthakumar published a re
view article about several treatments, such as UV/H2O2, UV/H2O2/Fe2+, 
and ozonation that have been used for the removal of ciprofloxacin from 
wastewater [38]. Some reviews on the application of adsorption process 
for the removal of this pollutants have also been published [39–41]. 

However, to our knowledge, there are few studies that report a 
combination of the behavior of iron and nickel-based catalysts from 
sewage sludge in the removal of an antibiotic, ciprofloxacin, present in 
real wastewater, with a Density-functional theory (DFT) study of the 
degradation mechanism of this compound in two real aqueous matrices. 

Therefore, the main objectives of this work are: (1) employ a simple 
method of reusing sewage sludge as a metal–carbon feedstock to syn
thesize catalysts by a one-step pyrolysis process, studying the activating 
agent used, as well as the sludge source, urban or industrial; (2) explore 
the performance of the system oxidation process, catalytic wet peroxide 
oxidation (CWPO), using the four synthesized catalysts for the degra
dation of ciprofloxacin in two real aqueous matrices, and (3) elucidate 
the degradation mechanisms involved in the CWPO system catalyzed by 

the four synthesized catalysts through a Density-functional theory study. 
This study is expected to provide a promising utilization strategy to 

develop a cost-effective sewage sludge-derived catalyst with high effi
ciency for the degradation of refractory organic pollutants from aqueous 
medium. 

2. Materials and methods 

2.1. Chemicals 

The synthesis of the catalysts was carried out by using two chemical 
activating agents, iron(III) chloride hexahydrate and nickel(II) chloride. 
Hydrochloric acid was added to acidify the aqueous solutions. In addi
tion, acetonitrile and acetic acid were also employed as mobile phases in 
the analysis of the samples. Ciprofloxacin was selected as a model 
antibiotic compound to study the catalytic activity of the various cata
lysts synthesized. Ultrapure water from Veolia PURELAB® Flex Water 
Purification System was used for the preparation of the aqueous solu
tions. The structure, suppliers and purity of the aforementioned com
pounds are listed in Table 1. The sludge applied as biomass precursor of 
the carbon catalysts was supplied by an urban and an industrial WWTP, 
specifically this latter from a pharmaceutical industry. 

2.2. Synthesis of the catalysts 

Firstly, the biomass precursor was dried in an oven at 105 ◦C. The 
dried sludge was ground to a fine powder and stored for later use. The 
ratio used for the chemical activation was 1 g of activating agent per 
gram of sludge. For the synthesis of the bimetallic catalyst, this ratio was 
maintained, so each gram of sludge was impregnated with 0.5 g of each 
of the two activating agents. Then, an aqueous solution of the chemical 
activating agent was prepared, and the sludge was treated by incipient 
wetness impregnation method and placed in an ultrasonic bath at 40 ◦C 
for 90 min. The latter stage was carried out to favour the access of the 
activating agent into the sludge pores and to homogenise the mixture. 
After impregnation, the mixture was left for 12 h at room temperature 
and then placed in an oven at 105 ◦C for 24 h to eliminate moisture. The 
solid obtained was pyrolyzed for 2 h at 800 ◦C in a vertical quartz 
reactor, using a nitrogen flow rate of 100 mL/min and a heating rate of 
10 ◦C/min. After grinding, the obtained carbonaceous material was 
washed with 1 M hydrochloric acid solution for 1 h under magnetic 
stirring in order to remove the excess metal from the carbon matrix (100 
mL HCl 1 M: 1 g carbonaceous material). Finally, it was filtered and 
washed with ultrapure water until a neutral pH was reached. The 
catalyst was dried in an oven at 105 ◦C for 24 h, and crushed and sieved 
to a particle size lower than 250 µm. 

Table 1 
Reagents used in the experiments.  

Chemical Structure Supplier Purity (wt 
%) 

Ciprofloxacin, 
CAS n◦ 85721-33-1 

Sigma- 
Aldrich 

≥ 98.0 

Ferric chloride 
hexahydrate, 
CAS n◦ 10025-77-1 

FeCl3.6H2O Sigma- 
Aldrich 

>99.0 

Nickel dichloride, 
CAS n◦ 7718-54-9 

NiCl2 Sigma- 
Aldrich 

98.0 

Hydrochloric acid, 
CAS n◦ 7647-01-0 

HCl Fluka 37.0 

Acetonitrile, 
CAS n◦ 75-05-08 

CH3CN Scharlau ≥ 99.9 

Acetic acid, 
CAS n◦ 64-19-7 

CH3COOH PanReac ≥ 99.7  
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2.3. Characterization of raw sludge and catalysts 

Macroscopic characterization of sewage sludge was performed using 
Standard Methods, determining total (TS), fixed (FS) and volatile (VS) 
solids, and chemical oxygen demand (COD) [42]. 

The chemical composition of both the biomass precursor and the 
synthesized catalysts was quantified by X-ray fluorescence spectroscopy 
(XRF) and elemental analysis (EA), using a PANalytical Axios spec
trometer and a LECO CHNS-932 analyser, respectively. 

The porosity of the carbonaceous materials was assessed from ni
trogen adsorption–desorption isotherms at − 196 ◦C, using a Micro
meritics ASAP 2020 analyser. The surface chemistry was evaluated by 
Fourier-transformed infrared spectrometry, using a Thermo Nicolet 
Nexus 670 equipment, in a wavelength range of 400–4000 cm− 1. 

The structural properties were analysed by the X-ray diffraction 
(XRD) patterns, collected on a Bruker D8 Advance A25 diffractometer, 
by scanning electron microscopy (SEM) performed in a JEOL JSM 6335F 
microscope and Transmission electron microscopy (TEM) performed in 
a JEOL JEM-2100 microscope equipped with a 200 kV LaB6 electron 
source and with a high-resolution ORIUS SC1000 CCD camera. 

Finally, the thermal stability of the materials was tested by ther
mogravimetric analysis (TGA), that were accomplished in a PerkinElmer 
STAR 6000 thermobalance. The analyses were conducted using a heat
ing rate of 10 ◦C/min, a N2 flow rate of 30 mL/min, and a temperature 
range of 30–1000 ◦C. 

2.4. Catalytic activity and adsorption contribution 

Aqueous solutions of ciprofloxacin were prepared using three 
aqueous matrices, e.g., ultrapure water, surface water and an urban 
WWTP effluent. The macroscopic characterization of the two real 
matrices is detailed in Table 2. The antibiotic concentration was of 50 
mg/L, which is in the range reported in the literature for the study of this 
type of pollutants [17,43–50]. Then, the pH value was modified until 
reaching the target point at 3.2 by adding 1 M hydrochloric acid. 

For the catalytic reactions, 250 mL of ciprofloxacin solution together 
with the synthesized catalyst (0.3 g/L) and the required hydrogen 
peroxide dose (1.1 mL/L) were introduced into the glass reaction vessel. 
The operating temperature was of 70 ◦C and the magnetic stirring was 
set at 300 rpm. Samples were periodically collected for 180 min and 
then filtered for further analysis using 0.45 μm PTFE filters. Adsorption 
tests were performed following the same procedure as previously 
mentioned, but in the absence of hydrogen peroxide in order to avoid 
the generation of reaction-initiating hydroxyl radicals. 

The concentration of ciprofloxacin was determined by an Agilent 
HPLC 1260 Infinity II with “diode array” detector, using a Poroshell 120 
EC-C18 column (4.6 × 150 mm; 4 μm). A mobile phase consisting of 
17.5 % acetonitrile and 82.5 % acetic acid 75 mM was used, setting a 
flow rate of 0.85 mL/min, an injection volume of 50 μL, a column 
temperature of 30 ◦C and a wavelength of 275 nm. 

The iron leaching was measured by Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES), while the reaction in
termediates were identified in a Bruker LC-QTOF-MS Impact II 
equipment. 

2.5. Computational methods 

Gaussian 16 software package was used to perform all computations 
based on the density functional theory (DFT). Geometric optimization 
was executed using the hybrid M06-2X method at 6–311++G(2df,2pd) 
basis set level, obtaining the corresponding EHOMO (highest occupied 
molecular orbital) values and positive frequencies in all the possible 
conformations evaluated, corresponding to minima energy. Here we 
show, of all these conformations, those that have turned out to be more 
stable under the conditions of the study, including Natural Bond Orbitals 
(NBO) analysis [51,52]. The SMD model (universal solvation model 
based on solute electron density and a continuum model of the solvent 
defined by the bulk dielectric constant and atomic surface tensions) was 
used to address the solvent effects of water [53]. GaussView 6.0 software 
was used to visualize the computed and optimized structures [54], 
whose coordinates have been included in the Supplementary Material. 

The Fukui function has been widely used for the prediction of reac
tive sites of electrophilic, nucleophilic and radical attack of organic 
molecules. In this sense, the Fukui function can be defined as [55]: 

f (r) =

(
∂2E

∂N.∂υ(r)

)

=

[
∂μ

∂υ(r)

]

N
=

[
∂ρ(r)
∂N

]

V(r)
(1)  

where ρ(r) is the electron density at point r in space, N is the electron 
number in the system, and v in the partial derivative is external poten
tial. In the condensed version of the Fukui function, atomic population 
number is used to represent the electron density distributed around an 
atom. The condensed Fukui function can be calculated unambiguously 
for three situations: 

Nucleophilic attack : f+k = qk
N − qk

N+1

Electrophilic attack : f −k = qk
N− 1 − qk

N

Radical attack : f 0
k =

(
qk

N− 1 − qk
N+1

)/
2

(2)  

where k is the number of atoms used in the calculation, N is the number 
of electrons in the current state, and qk represents the atomic charge 
population number of the atom k. In this study, free radical reaction is 
the most important mechanism, so f0

k of ciprofloxacin molecule was 
employed to study the degradation pathway. The greater the value of f0

k , 
the more vulnerable the site is to free radical attack. 

3. Results and Discussion 

3.1. Raw sludge characterization 

The properties and origin of the biomass precursor have a significant 
influence on the final characterization of the synthesised carbonaceous 
materials. Therefore, this work addresses the valorisation of sewage 
sludge through the synthesis of carbonaceous catalysts, assessing the 
technical feasibility using sludge from two different sources: an urban 
and an industrial WWTP. The most relevant characterization parameters 
are summarized in Table 3. 

Sewage sludge typically has a high organic matter content, which 
makes it potentially suitable for its use in the synthesis of carbonaceous 
materials [30]. COD and vS values indirectly indicate the organic matter 
content of the sewage sludge, being considerably higher for industrial 
sludge (COD = 34.8 g/L; vS = 29.3 g/L) compared to the urban one 
(COD = 8.4 g/L; vS = 6.5 g/L). The TS value of the industrial sludge is 
about 4 times larger than the urban sludge (36.6 vs 8.8 g/L), indicating a 
higher water content in the sludge supplied by the urban WWTP. 
However, both sludges presented an approximately equal percentage of 
volatile matter over total solids content, being within the range 74–80 
%. In this regard, high values of volatile matter will not only promote the 
generation of porosity but also increase the efficiency of the carbon 
synthesis. In the literature, a volatile matter content higher than 70 % is 
usually recommended, so the two sludges used in this study seem to be 

Table 2 
Macroscopic characterization of real aqueous matrices.  

Parameters Surface water WWTP effluent 

pH  7.3 8.8 
Chemical Oxygen Demand (mg/L)  < 15.0 23 
Total Organic Carbon (mg/L)  3.2 13.2 
Total Carbon (mg/L)  7.4 26.0 
Total Nitrogen (mg/L)  0.6 4.8 
Total Dissolved Solids (mg/L)  64.0 596.0 
Conductivity, at 20 ◦C (μS/cm)  38.2 484.6  
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suitable biomass precursors [56]. Finally, the FS content of both urban 
and industrial sludge is related to the ash content, and is within the 
values found in the literature for this type of biomass precursor 
[30,57,58]. 

The chemical composition of both sludges showed a predominant 
contribution of carbon (38–42 %) and oxygen (15–19 %), which, 
together with the hydrogen content, are within the range reported by 
other authors for this kind of biomass source [30,58–61]. According to 
the literature, the carbon content required to achieve acceptable carbon 
yields has to be in the range of 40–90 %, so the industrial sludge would 
be within it and the urban sludge would be very close to it. Therefore, it 
seems that both sludges could be potential biomass precursors for the 
synthesis of carbonaceous materials [62,63]. 

Sulphur and nitrogen contents in raw sludges were found relatively 
low. Thus, the emissions of these oxides during the pyrolysis process 
could be considered as negligible, minimizing the impact of these 
harmful gases on the environment [56]. 

The predominant metal concentration found in the urban sludge was 
iron (11.6 %), while in the industrial sludge it was calcium (11.7 %). A 
high concentration of these metals in various types of sludge has been 
reported in the literature [30,64–66]. Other minor elements were po
tassium, phosphorus, sodium, chlorine, sodium, or silicon. The sludge 
chemical composition is quite heterogeneous and variable, and its 
properties can change significantly depending on the sludge source, day 
or location [66]. 

3.2. Catalyst characterization 

3.2.1. Chemical composition 
As can be seen in Table 4, the source of the biomass precursor seems 

to have a significant influence on the final catalyst composition when 
the same synthesis conditions and activation agent were used. That is, 
although the initial carbon content for both precursors was approxi
mately the same, the pyrolysis process generated very different final 
compositions. While the industrial sludge provided catalysts with a 
carbon content of more than 70 wt%, the urban sludge only reached to 
23 wt%. Therefore, the carbon content of Urban-Fe was lower than that 
of the biomass precursor, while the carbon content of the industrial- 
sludge catalyst was higher. This trend evidenced a difference in the 
pyrolysis mechanisms depending on the composition of the sewage 
sludge used as precursor, as reported in other studies [30,64]. 

Also, noteworthy is the high oxygen contribution of the Urban-Fe 
catalyst (28.3 wt%), compared to the Industrial-Fe sample (8.5 wt%). 

This could be attributed to the high iron content present in the urban 
sludge, which could favour its combination with the oxygen present in 
the sample to generate metal oxides, increasing the oxygen content in 
the carbon material [64]. Moreover, the iron content obtained with the 
urban sludge precursor was slightly lower than twice that obtained with 
the industrial sludge. The higher attachment of this metal to the 
carbonaceous matrix could have been favoured by the high iron content 
of the raw urban sludge. Silicon was also one of the major elements in 
the Urban-Fe catalyst (14.9 wt%). 

Regarding the influence of the activating agent, the composition of 
three catalysts obtained from the same biomass precursor, i.e. industrial 
sludge, was compared. The activating agents applied were iron and 
nickel salts, and a mixture of both. As can be seen in Table 4, it was 
observed a considerably higher carbon content for the catalyst synthe
sized with iron chloride (Industrial-Fe) compared to that obtained using 
nickel chloride (Industrial-Ni). The bimetallic catalyst (Industrial-FeNi) 
showed an intermediate value to those obtained for the previous ones, 
although much closer to the Industrial-Ni catalyst. The oxygen contri
bution was considerably higher for the two Ni-based catalysts, either 
pure or as a mixture with the iron salt (13.6 and 14.4 wt%). That is, 
while the industrial-Fe catalyst reduced the oxygen content to about half 
of that present in the raw sludge (14.6 wt%), the Ni and bimetallic 
catalysts showed a negligible variation. The type of chemical activation 
agent did not seem to have a significant influence on the hydrogen, 
sulphur or potassium content. However, the nickel salt used in the 
Industrial-Ni and Industrial-FeNi catalysts led to a slight decrease of the 
chlorine, nitrogen and silicon content in the final composition of the 
carbon materials. The potassium content seemed to show the opposite 
trend, rising as the amount of nickel chloride impregnated in the catalyst 
increased. 

A marked difference in the amount of active phase attached to the 
carbonaceous matrix was also observed for the Industrial-Fe and 
Industrial-Ni catalysts. While a 26.8 wt% of nickel was found in the Ni- 
based catalyst, the Industrial-Fe material only achieved a 5.1 wt% of 
iron. That is, the activating agent seemed to show a significant influence 
on the attachment of the active phase, showing a favourable trend in the 
case of the nickel salt. However, despite having a higher metal content, 
the Industrial-Ni catalyst may have a lower catalytic activity than the 
Industrial-Fe material, as will be discussed in the following sections. 

Furthermore, it would be expected that, by using a lower relative 
amount of iron and nickel chloride in the synthesis of the Industrial-FeNi 
catalyst (1 g dried sludge: 0.5 g iron salt: 0.5 g nickel salt), the content of 
these metals in the final sample would be between the values for the 
catalysts obtained from a single metal salt, i.e. Industrial-Fe (1 g dried 
sludge: 1 g iron salt) and Industrial-Ni (1 g dried sludge: 1 g nickel salt). 
However, the bimetallic catalyst showed a higher iron concentration 
than the Industrial-Fe catalyst, while the nickel content was lower than 

Table 3 
Characterization of the raw sludges.  

Parameters Industrial Urban 

Macroscopic characterization (g/L) 
Chemical Oxygen Demand  34.8  8.4 
Density  1000.6  955.9 
Total Solids  36.6  8.8 
Volatile Solids  29.3 (80 %)  6.5 (74 %) 
Fixed Solids  7.3 (20 %)  2.3 (26 %) 
Chemical composition of the dried sludge (wt.%) 
C  42.4  37.9 
O  14.6  18.9 
H  5.8  5.6 
N  3.7  6.1 
Fe  0.7  11.6 
Ni  0.4  0.02 
Ca  11.7  3.0 
S  0.7  0.7 
Si  0.73  2.63 
Cl  3.5  0.6 
Na  2.3  – 
P  1.9  4.8 
K  1.4  1.9 
Al  0.6  1.0  

Table 4 
Influence of the sludge source and activating agent on the final composition of 
the catalysts.  

Parameters Urban-Fe (wt.%) Industrial-Fe 
(wt.%) 

Industrial-Ni 
(wt.%) 

Industrial-FeNi 
(wt.%) 

C  23.1  70.9  50.5  52.9 
O  28.3  8.5  13.6  14.4 
H  2.8  1.8  1.6  1.5 
N  4.5  3.8  2.1  2.1 
Fe  9.3  5.1  0.1  8.7 
Ni  0.08  0.2  26.8  15.8 
Ca  0.7  0.6  0.6  0.4 
S  0.5  1.2  1.0  0.9 
Si  14.9  3.4  0.6  1.0 
Cl  4.8  2.4  0.8  0.4 
Na  –  –  –  – 
P  1.4  0.9  1.7  1.5 
K  3.0  0.02  0.01  0.01 
Al  3.2  1.0  0.3  0.3  
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that found in the Industrial-Ni catalyst. It seems that the use of a 
bimetallic solution in the incipient wetness impregnation method fav
oured the iron attachment on the carbonaceous matrix, while nickel 
attachment was reduced. It should also be noted that the rinsing step 
during the catalyst synthesis mostly removed the calcium in the indus
trial sludge-based catalysts, obtaining values lower than 0.6 wt%. 

Pyrolysis processes allowed to obtain carbonaceous materials from 
diverse biomass sources. During this stage, smaller organic molecules 
condense into conjugated aromatic rings, and organic nitrogen and 
metals can also be conjugated into the carbonaceous structure. This 
resulted in metal loading sites, oxygen functionalities, defective edges 
and nitrogen doping [67]. Compared to other biomass precursors, the 
use of sewage sludge favoured the generation of functional groups in the 
carbonaceous materials [64]. For this reason, the chemical composition 
of the catalysts synthesized with the two sludges and the different 
chemical activating agents showed carbon content values lower than 
those found for commercial activated carbons (around 90 %) [58]. 

3.2.2. Porosity 
The porosity of carbonaceous materials is one of the most important 

properties, since it will determine the feasibility of the materials for 
applications such as catalysis and/or adsorption. This information has 
been obtained from the nitrogen adsorption–desorption isotherms at 

− 196 ◦C. 
The behaviour of the synthesized catalysts when exposed to a 

physisorption process under a nitrogen atmosphere, as shown in Fig. 1a, 
seems to suggest a combination of Type I-IV isotherms. This pattern has 
been previously reported in the literature for carbonaceous materials 
obtained from sewage sludge, and it is characteristic of mesoporous 
solids, with a moderate contribution of microporosity [30,60,65]. In 
addition, all four materials showed a hysteresis loop at P/P0 values close 
to 0.4, which is often found in micro-mesoporous carbons [68]. This is, 
H3-H4 Type hysteresis loops, as found for the synthesized catalysts, 
indicated the occurrence of narrow crack pores and slit-shaped pores in 
the carbon structure [65,69,70]. A steep nitrogen uptake was observed 
at low relative pressures, which is related to the microporosity contri
bution in the analysed samples [68,71]. 

In addition, the desorption branches showed a step-down at P/P0 

values close to 0.5, which might indicate cavitation induced by the 
evaporation of the condensed liquid in larger mesopores (capillary 
condensation effect) [72]. This behaviour seems not to depend on the 
biomass source, i.e. Urban-Fe and Industrial-Fe catalysts exhibited a 
similar shape. However, the catalysts in which nickel salt was used as 
activating agent (Industrial-Ni and Industrial-FeNi) this phenomenon 
appeared to be increased, showing a sharper step down. 

As has been reported in the literature, the BET (Brunauer-Emmett- 

Fig. 1. N2 adsorption–desorption isotherms (a), BET calculation criteria (b), Pore size distribution calculated with BJH method (c), and FTIR spectra (d) of the 
synthesized catalysts with different activating agents and sludge source. 
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Teller) method can be applied to Type IV and II isotherms, where the 
linearity range of the BET plot is usually found in the relative pressure 
range of 0.05–0.3. However, the presence of micropores hinders the 
application of this method, as it may be not possible to separate the 
micropore filling and monolayer-multilayer adsorption processes, and 
the standard range of relative pressures is no longer valid. In this case, 
the linear range of BET plot may be narrow and difficult to locate. To 
address this issue, Rouquerol et al. proposed a procedure to determine 
the correct relative pressure range and avoid any subjectivity during the 
evaluation of the BET monolayer capacity [68,72–74]. Since the cata
lysts synthesized have a considerable microporosity, these criteria have 
been used to determine the BET surface area. 

The upper relative pressure limit of the BET range, which corre
sponded to the absolute maximum shown in dashed lines in Fig. 1b, 
reached values of 0.05 for Urban-Fe and Industrial-Fe catalysts, 0.18 for 
Industrial-Ni and 0.08 for Industrial-FeNi. Therefore, it seems that a high 
microporosity in the material increased the narrowing of the applicable 
relative pressure range. Table 5 shows the calculated values of the 
apparent BET surface area by applying the previously mentioned pro
cedure for micro-mesoporous materials. The apparent SBET values 
decreased in the following order: Urban-Fe > Industrial-Fe > Industrial- 
FeNi > Industrial-Ni. A high apparent BET monolayer capacity was 
found when urban sludge was used as biomass precursor and when 
increasing the amount of iron chloride used as chemical activating 
agent. The resulting BET values are within the range reported in the 
literature for other carbonaceous materials obtained from sewage sludge 
by chemical activation with iron chloride (SBET = 468 m2/g) and zinc 
chloride (SBET = 266–558 m2/g) [30,60]. Moreover, the chemical acti
vation agents proposed in this study exhibited apparent SBET higher than 
those obtained by other authors for chemical activation agents such as 
iron nitrate (SBET = 240 m2/g), iron sulphate (SBET = 233 m2/g), or 
(ortho)-phosphoric acid (SBET = 230–296 m2/g) [30,60,71]. According 
to Álvarez et al., the physical activation of sewage sludge, without any 
pre-treatment of the raw sludge, allowed to obtain carbonaceous ma
terials with an apparent SBET of 43 m2/g, values considerably lower than 
those obtained by chemical activation following the procedure 
described in this work [75]. 

On the other hand, nitrogen adsorption–desorption isotherms pro
vided other textural parameters, such as the contribution of micropo
rosity (VMicro) and mesoporosity (VMeso) to the total pore volume 
(VTotal), as well as the average pore width. This information is summa
rized in Table 5. 

The total pore volume, i.e. the maximum amount of N2 uptake at a 
relative pressure close to 1.0 decreased in the following order: Urban-Fe 
> Industrial-Ni > Industrial-Fe > Industrial-FeNi. However, the relative 
micropore volume showed a different trend: Industrial-Fe > Urban-Fe >
Industrial-FeNi > Industrial-Ni. Therefore, while the iron chloride used 
as activating agent seems to show a slight decrease in the total pore 
volume, the development of microporosity was considerably favoured. 
Furthermore, the use of a mixture of iron and nickel chloride as chemical 
activating agent resulted in a catalyst whose VTotal was lower than those 

values of catalysts synthesized with a single activating agent (Industrial- 
Fe and Industrial-Ni), but the relative microporosity was found to be in 
between these two. 

It should be noted that the heterogeneity in the composition 
depending on the sludge source appeared to have a significant influence 
on the final porosity of the synthesized carbonaceous materials. In this 
regard, while the use of urban sludge (Urban-Fe) showed a considerably 
high total pore volume, the relative contribution of microporosity was 
slightly lower than that obtained for the Industrial-Fe catalyst. The 
development of a higher total porosity with the urban sludge could be 
due to the high iron content found in the dried raw sludge (11.6 wt%). 
This means that the chemical activation during the catalyst synthesis 
could have been due to both the contribution of the impregnated iron 
chloride and the iron content of the raw sludge. The increase in relative 
micropore volume when industrial sludge was used could be attributed 
to the high calcium content present in the raw sludge (see Table 3), 
which was removed during the catalyst rinsing (see Table 4), unblocking 
the pores that were occupied in the carbonaceous matrix. 

According to the literature, the different pore structure generated 
during the pyrolysis process for the synthesis of carbonaceous materials 
from sewage sludge is related to the varying inorganic content 
depending on the source. However, most authors have reported a 
simultaneous formation of mesopores and micropores in both physical 
and chemical activation [75]. 

Pore size distribution is one of the established criteria for the selec
tion of carbonaceous materials in applications such as adsorption, 
determining the fraction of the volume accessible to molecules of a 
particular shape or size [76]. The pore size distribution of the catalysts 
(Fig. 1c) highlights the micro-mesoporous nature of the materials, 
reaching a maximum around 4 nm for all catalysts. The Urban-Fe 
catalyst also showed another relative maximum around 16 nm. As 
shown in Table 5, the chemical activation of sewage sludge with iron 
and nickel chloride allowed the synthesis of predominantly mesoporous 
carbonaceous materials, with average pore width values ranging from 
6.8 to 10.4 nm. These values justify the loop hysteresis found in the N2 
adsorption–desorption isotherms (see Fig. 1a), since this phenomenon 
occurs when the pore width exceeds a critical value, which for nitrogen 
at − 196 ◦C is 4 nm [72]. 

Iron and nickel salts used as chemical activating agents have been 
effective in the synthesis of carbonaceous materials, exhibiting high 
porosity and surface area. These compounds promoted the degradation 
of the biomass precursor used as carbon source, generating a dehydra
tion of the raw material that resulted in the carbonisation and aroma
tisation of the carbon skeleton and developing the porous structure [76]. 
As a result, biochars of a micro-mesoporous nature were obtained, which 
is in agreement to the data reported by other authors [65]. 

3.2.3. Surface chemistry 
The surface functional moieties of the catalysts are generally 

assessed from the Fourier-transformed infrared (FTIR) spectra, shown in 
Fig. 1d. 

As can be observed, all catalysts showed a broad band located be
tween 3700 and 2800 cm− 1, which could be related to both the presence 
of O–H bonds on the catalyst surface and the moisture adsorbed by the 
materials [30,77]. The intensity of this band decreased in the following 
order: Urban-Fe > Industrial-FeNi > Industrial-Ni > Industrial-Fe, being 
in agreement with the oxygen content of the materials, shown in Table 4. 
This band could also be attributed to the N–H stretching vibrations 
related to amides and amines from the proteins found in the sewage 
sludge [75]. However, the low nitrogen content compared to oxygen in 
the final catalysts seemed to suggest a higher contribution of O–H 
bonds of the synthesized materials. 

The synthesized materials also showed a band around 2650 cm− 1, 
which could be attributed to aliphatic C–H stretching vibrations [30]. 

All four catalysts showed a peak at a wavelength around 1600 cm− 1, 
which could be related to C––O and/or C––C bonds of carbonyl groups 

Table 5 
Porosity-related properties of the synthesized catalysts.  

Parameters Urban- 
Fe 

Industrial- 
Fe 

Industrial- 
Ni 

Industrial- 
FeNi 

SBET (m2/g) 713 582 319 397 
VMicro (cm3/g) a 0.219 0.173 0.030 0.100 
VMeso (cm3/g) c 0.404 0.293 0.472 0.325 
VTotal (cm3/g) b 0.623 0.466 0.502 0.425 
VMicro/VTotal (%) 35.1 37.1 6.0 23.6 
Average pore width 

(nm) 
10.4 7.2 7.1 6.8  

a Calculated by Dubinin-Radushkevich method. 
b Volume of pores at P/P0 = 0.99. 
c Calculated from VMicro and VTotal. 
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(belonging to functional groups such as ketones, quinones, keto-esters, 
diketones and ketoenols) and aromatic rings, respectively [78–80]. 
This peak seemed to be extremely dependent on the biomass source used 
in the synthesis, reaching considerably higher values for Urban-Fe ma
terial compared to Industrial-Fe. This fact could be favoured by the high 
oxygen content of the Urban-Fe catalyst (see Table 4), being involved in 
the formation of carbonyl bonds. 

The band found between 1000 and 1200 cm− 1 could be explained by 
the C–O stretching from alcohols, phenols, acids, ethers or ester func
tional groups [78,80,81]. In addition, the absorption peaks located from 
900 to 1200 cm− 1 might be related to Si-O-Si and Si–O–C bonds, which 
could explain the high intensity of this band for the Urban-Fe catalyst 
due to its higher silicon content (see Table 4) [75]. 

Finally, the band located in the wavelength range 400–800 cm− 1 

could indicate the out-of-plane bending vibration of O–H bonds or the 
stretching vibration of C–H (benzene derivatives) bonds. The presence 
of these aromatic C–H groups would suggest the surface aromatization 
of these carbonaceous catalysts [30,82]. 

3.2.4. Structural properties 
In order to characterize the crystalline phases present in the sewage 

sludge-derived catalysts, XRD studies were accomplished. The XRD 
patterns obtained are shown in Fig. 2. Thus, XRD patterns for the cata
lysts containing only iron, named as Urban-Fe and Industrial-Fe, 
exhibited three main wide peaks, characteristic of poor crystalline 
solids, located at 2θ values of 26 ◦ and 43 ◦, which correspond to 
graphite phase (ICDD PDF File 001–0646) and were assigned to (002), 
(100)-(101) planes. The XRD graphs of these materials did not show 
peaks which could origin from iron in metallic form [83]. Moreover, it 
should be highlighted that if the particle size of iron is very small, it 
could not be observed in XRD patterns. On the other hand, the XRD 
patterns of the Ni-based catalysts (Industrial-Ni and Industrial-FeNi) 
showed three large reflection signals (as illustrated in Fig. 2) at 44.6 ◦
(111) 51.9 ◦ (200) and 76.4◦ (220), typical of metallic nickel with a 
CFC structure [84]. These peaks are more intense than those observed in 
the XRD patterns of iron-based catalysts, since the percentage of Ni used 
in the synthesis was much higher (Table 4). 

The SEM micrographs of the synthesized catalysts are shown in 
Fig. 3a-d. All the micrographs revealed a morphology characteristic of 
porous materials, where inner porosity has been developed through a 
thermal treatment. In Fig. 3a, the largely isolated cylindrical units have 

walls formed by layers of thin films. In Fig. 3b, these units seen in Fig. 3a 
have coalesced at the walls into a singular solid matrix interspersed with 
pores. The bonding of the walls and the melting of the wall lamellae 
suggested a deep transformation at molecular level in the sewage sludge 
during pyrolysis. Generally, all the carbon samples showed a great 
heterogeneity. 

3.2.5. Thermal stability 
Thermal stability is a key requirement for the catalysts, and it will 

limit both the operating conditions under which they can be used and 
their suitability for thermal regeneration after their application. The 
thermogravimetric analysis of the four synthesized catalysts are shown 
in Fig. 4. 

Firstly, there is a weight loss of the samples around 100 ◦C, which 
could be related to the water adsorbed on the carbonaceous materials. 
According to the results obtained, both the source of the sludge and the 
activating agent seemed to have an influence on the sample moisture. 
That is, while Industrial-Fe material presented moisture values close to 
7 %, Urban-Fe reached to 12.2 %. In addition, Industrial-Ni catalyst 
showed a moisture content close to 5.1 %, which is lower than that 
observed for Industrial-Fe. However, the use of a mixture of activating 
agents consisting of iron and nickel chloride seemed to favour water 
adsorption, reaching values close to 7.9 % for the Industrial-FeNi cata
lyst. Therefore, the moisture content of the synthesized catalysts 
decreased in the following order: Urban-Fe > Industrial-FeNi > Indus
trial-Fe > Industrial-Ni. 

All samples showed a slightly decreasing trend in weight at tem
peratures above 100 ◦C, which could be associated with the decompo
sition of compounds that did not have time to degrade during the 
pyrolysis process in the catalyst synthesis. Moreover, at temperatures 
close to the pyrolysis temperature, i.e. between 700 and 900 ◦C, a more 
steep weight variation was observed, which could be mainly due to the 
removal of compounds that require a higher pyrolysis temperature or 
time than the one used in the synthesis. It should be noted that the 
Industrial-Fe catalyst was the material with the lowest weight variation, 
i.e. the one with the highest thermal stability. 

3.3. Catalytic Wet Peroxide Oxidation of Ciprofloxacin 

3.3.1. Adsorption tests 
Carbonaceous materials derived from pyrolytic processes using 

biomass precursors generally exhibit adsorptive properties as a conse
quence of the porosity generated during their synthesis. In this study, the 
porous nature of the four synthesized catalysts has been described by 
their characterization in the previous section. In other words, the in
formation obtained from the N2 adsorption–desorption isotherms, 
together with the surface chemistry of the materials, will lead to 
different kinetics and adsorption capacities depending on the activating 
agent and the source of the sludge used in the synthesis of the carbon 
materials. 

Therefore, to evaluate the effectiveness of the catalysts in the het
erogeneous reaction systems, adsorption blanks are required to assess 
the contribution of adsorption to the pollutant removal process. This 
information can be seen in Fig. 5. 

With regard to the influence of the source of biomass precursor, the 
catalyst synthesized from industrial sludge (Fig. 5b) appeared to exhibit 
considerably slower adsorption kinetics compared to that shown for the 
material obtained from urban sludge (Fig. 5a). That is, while the Urban- 
Fe catalyst required times longer than 45 min to reach the equilibrium, 
an equilibrium time higher than 120 min was needed for the Industrial- 
Fe catalyst. 

On the other hand, the type of activating agent used for the catalyst 
synthesis also seemed to show some influence on the adsorption kinetics. 
Zinc chloride allowed obtaining carbons with faster adsorption kinetics 
than those shown with iron chloride. Specifically, Industrial-Ni catalyst 
(Fig. 5c) required times longer than 60 min to reach the equilibrium, 

Fig. 2. XRD patterns of the catalysts synthesized with different activating 
agents and sludge source. 
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compared to the equilibrium time shown by the previously mentioned 
Industrial-Fe material. Furthermore, it should be noted that the use of a 
mixture of activating agents consisting of iron and nickel chloride for the 
synthesis of the bimetallic Industrial-FeNi catalyst (Fig. 5d) presented 
similar kinetics to that obtained for the Industrial-Fe catalyst. Therefore, 
the iron chloride predominantly seemed to determine the kinetics of the 
bimetallic catalyst, making the time required to reach the equilibrium 
the same as for the Industrial-Fe, i.e. 120 min. 

The adsorption capacity at equilibrium time, defined by Equation 3, 
is one of the most commonly used parameters to compare the adsorption 
contribution of different materials. 

qe =
CCiprofloxacin,0 − CCiproflosacin,e

CCatalyst
(3)  

where qe (mg/g) is the adsorption capacity at equilibrium time; CCipro

floxacin,0 (mg/L) is the initial ciprofloxacin concentration, i.e. 50 mg/L; 
CCiprofloxacin,e (mg/L) is the concentration of ciprofloxacin when equi
librium was reached, assuming that the equilibrium time corresponded 
to the last sample taken at 180 min; and CCatalyst (g/L) is the catalyst dose 
used, i.e. 0.3 g/L. 

As observed, both the biomass source and the activating agent 
seemed to have an influence on the ciprofloxacin concentration in the 
aqueous phase at equilibrium time, assuming that equilibrium has been 
reached at approximately 180 min. In this regard, the equilibrium 
concentration values were of 30.1, 27.8, 37.9, and 30.2 mg/L for Urban- 
Fe, Industrial-Fe, Industrial-Ni, and Industrial-FeNi catalysts, respec
tively. Therefore, the adsorption capacity values of the synthesized 
materials were 66.3, 73.9, 40.4, and 66.0 mg/g, respectively, in the 
order previously indicated. The adsorption capacity range of the syn
thesized materials is in accordance with the one reported in the litera
ture for other biomass-based materials for the removal of ciprofloxacin 
[85–88] and other emerging contaminants [30,60]. 

As previously discussed, the sludge source and the activating agent 
have an influence on the kinetics and adsorption capacity of the cata
lysts. While the adsorption rate decreased in the following order: Urban- 
Fe > Industrial-Ni > Industrial-Fe = Industrial-FeNi; the adsorption 
capacity did so as follows: Industrial-Fe > Urban-Fe ≈ Industrial-FeNi >
Industrial-Ni. 

Finally, the study of the aqueous matrix effect on the adsorption 
process evidenced a relatively small effect on the four materials 
considered. As can be seen, although the kinetics seemed to maintain a 

Fig. 3. SEM micrographs of the catalysts synthesized with different activating agents and sludge source: Urban-Fe (a), Industrial-Fe (b), Industrial-Ni (c), Industrial- 
FeNi (d). 
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similar trend regardless of the matrix, the ciprofloxacin concentrations 
in the aqueous phase increased in the following order: ultrapure water 
< surface water < WWTP water. The higher removal of the antibiotic in 
ultrapure water compared to the real aqueous matrices could be due to 
the presence of other organic and inorganic compounds competing for 
the active sites of the solid for the adsorption of ciprofloxacin. Therefore, 
it seemed that an increase of organic and inorganic matter in the real 
matrix led to a lower adsorption capacity, i.e. a higher ciprofloxacin 
equilibrium concentration in the aqueous phase. This could explain the 
lower ciprofloxacin concentration when using surface water compared 
to that found in WWTP effluent, since macroscopic parameters, such as 
the chemical oxygen demand, total organic carbon, total dissolved 
solids, among others, were considerably higher for the latter (see 
Table 2). 

3.3.2. Catalytic activity 
The properties and catalytic activity of the catalysts will determine 

the removal rate of ciprofloxacin, as well as the formation of different 
reaction intermediates and by-products. Thus, the evolution of the 
relative concentration of the tested antibiotic in the reaction tests, using 
the four synthesized catalysts and the three aqueous matrices, has been 
illustrated in Fig. 6. 

As can be seen, the degradation kinetics of ciprofloxacin using the 
Urban-Fe catalyst, Fig. 6a, was considerably slower than that shown for 
the Industrial-Fe, Fig. 6b. That is, while the former needed times longer 
than 180 min to reach a ciprofloxacin removal of around 98 %, the 
Industrial-Fe catalyst did so before 30 min. Moreover, the reaction 
profile for Urban-Fe catalyst before 15 min was identical to that shown 
in the adsorption profile (see Fig. 5), suggesting that the major contri
bution in the ciprofloxacin removal up to that time is from adsorption. 
This could be due to the formation of a minimum concentration of hy
droxyl radicals in the oxidation process that initiates the reaction. 
However, this time seems to be considerably reduced for the Industrial- 
Fe catalyst, with the adsorption and reaction profiles coinciding only up 
to the first 5 min. 

It should also be noted that the iron content of the Industrial-Fe 
catalyst (5.1 wt%) was considerably lower than that of the Urban-Fe 
material (9.3 wt%). However, the catalytic activity showed the oppo
site trend. This behaviour could indicate a higher dispersion and 
accessibility of the active phase on the catalyst surface, which could lead 
to a higher metal leaching. HR-TEM images of the particle size 

distribution and metallic dispersion of the iron and nickel particles of the 
catalysts are presented in Fig. S1, the histograms of metals particle size 
distributions are shown in Fig. S2, supporting information. The average 
particle size of the iron or nickel particles of the catalysts was obtained 
by counting using ImageJ software. The results indicated a mean par
ticle size distribution of 46 ± 17.94, 67 ± 23.54, 32 ± 9.63 and 34 ±
16.33 nm, for Urban-Fe, Industrial-Fe, Industrial-Ni and Industrial FeNi 
catalysts, respectively. In addition, by TEM images, the better dispersion 
of iron metal on the surface of Industrial-Fe catalyst, with respect to 
Urban-Fe catalyst, is confirmed. Indeed, the values of the iron leached 
concentration into the reaction medium were slightly higher for the 
Industrial-Fe catalyst compared to those observed for the Urban-Fe 
catalyst. Specifically, the iron concentrations in the reaction medium 
at near 98 % ciprofloxacin removal were of 0.48 mg/L (at 180 min re
action time) and 0.61 mg/L (at 30 min reaction time) for the Urban-Fe 
and Industrial-Fe catalysts, respectively. Therefore, the origin of the 
sludge has a considerable influence on the catalytic activity of the 
carbonaceous catalyst. 

Concerning the influence of the activating agent on the ciprofloxacin 
removal kinetics, nickel appeared to have a significantly lower catalytic 
activity than iron. That is, while the Industrial-Fe catalyst achieved a 
maximum ciprofloxacin removal of 99.7 %, the Industrial-Ni catalyst 
reached only 32.5 % (Fig. 6c). It is also noteworthy that the concen
tration of nickel in the Industrial-Ni material (26.8 wt%) was consid
erably higher than that of iron in the Industrial-Fe catalyst (5.1 wt%), 
again highlighting the low catalytic activity of nickel in the generation 
of hydroxyl radicals for the CWPO process. 

As previously mentioned, the presence of iron in the catalyst seemed 
to considerably favour the kinetics of the process. However, the bime
tallic Industrial-FeNi catalyst (Fig. 6d) showed faster removal kinetics 
than the Industrial-Fe catalyst. This behaviour could be due to the high 
iron (8.7 wt%) and nickel (15.8 wt%) content of the former, although 
due to the low nickel catalytic activity it is likely to have been caused 
mainly by iron. That is, while the Industrial-FeNi catalyst required 15 
min to remove the antibiotic almost completely, the Industrial-Fe cata
lyst required 15 min longer. In addition, due to the higher metal content 
in the Industrial-FeNi catalyst, the leaching into the reaction medium 
also increased. Specifically, the concentration of iron and nickel in the 
reaction medium when reaching around 98 % ciprofloxacin removal was 
2.0 and 11.4 mg/L, respectively. Therefore, although the reaction ki
netics was slightly favoured in the bimetallic catalyst due to the higher 
iron content, the leaching of metals into the reaction medium was 
higher, and the Industrial-Fe catalyst could be considered as the opti
mum material. In other words, the activating agent has a crucial influ
ence on the catalytic activity of the synthesized carbonaceous materials, 
being preferable the use of iron chloride over nickel chloride. 

The initial reaction rates were calculated by numerical derivation 
from the concentration profile versus time and collected in Table 6. 
These values evidenced the kinetic behaviour previously discussed. That 
is, the reaction rate depends on both the origin of the sludge and the 
active agent, decreasing as follows: Industrial-FeNi > Industrial-Fe >
Urban-Fe > Industrial-Ni. Furthermore, the reaction kinetics and the 
catalytic activity seem to depend on the aqueous matrix and, as observed 
in the adsorption tests, decrease in the following order: ultrapure water 
> surface water > WWTP water. This effect could be related to the 
occurrence of other pollutants in the real aqueous matrices that would 
compete with ciprofloxacin during the catalytic wet peroxide oxidation. 
Therefore, as shown in Table 2, the higher pollutant concentration in 
WWTP water compared to surface water would disfavour the cipro
floxacin reaction rate. 

3.3.3. Mechanism and pathways of CWPO degradation of ciprofloxacin. 
DFT study 

The possible mechanism of ciprofloxacin removal on the catalyst 
(urban or industrial)/hydrogen peroxide could be as follows: When 
hydrogen peroxide is present, the iron or nickel ions on the catalyst 

Fig. 4. Thermogravimetric profiles of the synthesized catalysts with different 
activating agents and sludge source. 
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surface could accelerate the generation of •OHsurf from hydrogen 
peroxide through an intermolecular electron transfer process (Equations 
(3)-(4)). In addition, the oxygen-containing functional groups of the 
catalyst could react with hydrogen peroxide to form •OHsurf via electron 
transfer (Equation (5)) [89]. On the other hand, a small amount of 
leached ions could activate hydrogen peroxide to produce •OHsurf via 
chain reaction (Equations (7)-(8)). As a final step, the ciprofloxacin 
molecule could be degraded by the •OHsurf generated on the catalyst 
surface (Equations (6)) and a small part of •OHfree in the solution 
(Equation (9)). In this sense, the ciprofloxacin can be degraded indi
rectly through the oxidation of –OH, and directly mediate electron 
transfer processes of the oxygen-containing functional groups and the 
metal of the catalyst. In addition, the carbon base can act as a medium 
for electron transfer from ciprofloxacin (as electron donor) to hydrogen 
peroxide (as electron acceptor) [90]. 

Fe3+ + H2O2 → Fe2+ + ⋅OHsurf + H+ (3)  

Fe2+ + H2O2 → Fe3+ + ⋅OHsurf + HO− (4)  

Catalyst − O − C = O + H2O2 → Catalyst+ + HO− + ⋅OHsurf (5)  

Ciprofloxacin + ⋅OHsurf → Intermediates → CO2 + H2O (6)  

Fe3+ + H2O2 → Fe2+ + HO2⋅free + H+ (7)  

Fe2+ + H2O2 → Fe3+ + ⋅OHfree + HO− (8)  

Ciprofloxacin + ⋅OHfree → Intermediates → CO2 + H2O (9) 

Ciprofloxacin degradation intermediates were identified by a Bruker 
LC-QTOF-MS Impact II instrument for each of the four catalysts used in 
this work. The possible molecular structure was proposed for each in
termediate on the basis of MS/MS fragments and their m/z as shown in 
Tables S1-S4. MS/MS spectra or MS spectra of ciprofloxacin and in
termediates are shown in Fig. S3-S6. In addition, energy data and car
tesian coordinates for the optimised structure of the organic compounds 
involved in the reactions are given in Supplementary Material (Table S5- 
S23). Based on the Fukui index and in conjunction with the identifica
tion of the intermediate products of the four catalysts, the different 

Fig. 5. Adsorption tests of the synthesized catalysts with different activating agents, sludge sources and aqueous matrices: Urban-Fe (a), Industrial-Fe (b), Industrial- 
Ni (c), Industrial-FeNi (d). 
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possible degradation pathways of ciprofloxacin in each system were 
proposed (T1-T4), taking into account the integration of the degradation 
pathways of all catalysts, as shown in Figs. 7-10. The Fukui index (f0) 
was computed to identify the vulnerable atomic sites of the ciprofloxacin 
molecule for radical attack (Fig. 11a,b). According to Fukui function 

(Eq. 2), a high f − value suggests that an atom is more like to be attacked 
by electrophilic reagent (nucleophilic reaction), and a high f0 value in
dicates that an atom is likely to be attacked by and •OH. The 1(C), 3(C), 
5(C), 11(F), 15(O), 19 (N), 20(C), 35(H) and 41(H) positions exhibited 
high f− values, suggesting the potential electrophilic attack. The 6(C), 8 
(C), 10(C) and 15(O) positions displayed high positive point charges, 
and so these positions are expected to undergo preferential nucleophilic 
attack. High f0 values were calculated for the 3(C), 6(C), 10(C), 15(O), 
and 19(N) positions, indicating that these regions tend to lose electrons 
and be attacked by •OH. 

The possible degradation reactions of ciprofloxacin could follow four 
different degradation pathways (Fig. 7). In the first one, compounds 
with m/z = 330, 346 and 261 are formed by processes of defluorination 
and hydroxylation, followed by the cleavage of piperazine ring. All these 
processes have been reported in the degradation of fluoroquinolones 
[91,92]. In the second pathway, hydroxyl groups are incorporated into 
the piperazine ring and subsequently oxidised. Successive CO losses 
could lead to the opening and disappearance of the piperazine ring, 
resulting in formation of the compound with m/z = 263. The third 

Fig. 6. Catalytic activity of the synthesized catalysts with different activating agents, sludge sources and aqueous matrices: Urban-Fe (a), Industrial-Fe (b), Industrial- 
Ni (c), Industrial-FeNi (d). 

Table 6 
Initial reaction rates of the synthesized catalysts with different activating agents, 
sludge sources and aqueous matrices.   

Urban- 
Fe 

Industrial- 
Fe 

Industrial- 
Ni 

Industrial- 
FeNi 

r0, Ultrapure water 

(mgCiprofloxacin/ 
gCatalyst⋅min)  

2.59  3.82  1.07  12.61 

r0, Surface water 

(mgCiprofloxacin/ 
gCatalyst⋅min)  

2.16  2.79  0.29  10.53 

r0, WWTP water 

(mgCiprofloxacin/ 
gCatalyst⋅min)  

2.02  2.32  0.16  7.05  
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Fig. 7. Degradation pathway of ciprofloxacin by T1 (Urban-Fe) comprising T2 (Industrial-Fe), part of T3 (Industrial-Ni) and part of T4 (Industrial FeNi).  

Fig. 8. Degradation pathway of ciprofloxacin by T2 (Industrial-Fe).  
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Fig. 9. Degradation pathway of ciprofloxacin by T3 (Industrial-Ni) from T2 (Industrial-Fe) as contained in T1 (Urban-Fe) and T4 (Industrial-FeNi).  

Fig. 10. Degradation pathway of ciprofloxacin by T4 (Industrial-FeNi).  
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pathway involved the oxidation of the piperazine ring (m/z = 346), and 
subsequent loss of this ring generates the compound m/z = 263 [93]. 
Finally, in the fourth pathway, it is proposed that the intermediate with 
m/z = 336 could be generated by the attack of free radicals on C––C 
followed by the loss of CO. A compound with m/z = 290 could be formed 
through a decarboxylation process, where later an intramolecular 

nucleophilic substitution reaction takes place. 

4. Conclusions 

This work addressed the valorisation of sewage sludge by pyrolytic 
processes to produce iron and nickel carbonaceous catalysts that may be 
applied in the removal of emerging pollutants, such as the antibiotic 
ciprofloxacin. In this regard, the use of sewage sludge as a biomass 
precursor promoted the generation of functional groups, as evidenced by 
both the chemical composition and the FTIR spectra. All materials 
exhibited a combination of Type I-IV N2 adsorption–desorption iso
therms, showing H3-H4 Type hysteresis loops. The average pore width 
of the materials was found in the mesopore zone, although they also 
presented a high microporosity, except for the catalyst obtained with 
nickel chloride as activating agent. SBET values of the synthesized cata
lysts ranged from 397 to 713 m2/g. 

The adsorption blanks showed adsorption capacity values in the 
range of 40.4–73.9 mg/g, with the Industrial-Ni catalyst exhibiting the 
lowest value. Nickel, as active phase, also showed significantly low 
catalytic activity compared to iron. Although the bimetallic catalyst 
Industrial-FeNi had a higher iron content than Industrial-Fe and there
fore a higher catalytic activity, the measured metal leaching into the 
reaction medium was higher. Consequently, the use of iron chloride as 
activating agent was preferable. 

The experiments performed, as well as the DFT calculations devel
oped, show that the active atoms of the ciprofloxacin molecule with high 
Fukui index indicate C-F bond cleavage, ring hydroxylation, nucleo
philic addition and aldehydic reaction under radical attack. 

5. Data availability 

Data will be made available on request. 
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[32] Y. Huaccallo-Aguilar, S. Álvarez-Torrellas, M.v. Gil, M. Larriba, J. García, Insights 
of emerging contaminants removal in real water matrices by CWPO using a 
magnetic catalyst, J. Environ. Chem. Eng. 9 (2021), 106321, https://doi.org/ 
10.1016/J.JECE.2021.106321. 
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[70] M. Kończak, P. Oleszczuk, K. Rózyło, Application of different carrying gases and 
ratio between sewage sludge and willow for engineered (smart) biochar 
production, J. CO2 Util. 29 (2019) 20–28, https://doi.org/10.1016/J. 
JCOU.2018.10.019. 

[71] T. Boualem, A. Debab, A. Martínez de Yuso, M.T. Izquierdo, Activated carbons 
obtained from sewage sludge by chemical activation: Gas-phase environmental 
applications, J. Environ. Manage. 140 (2014) 145–151, https://doi.org/10.1016/J. 
JENVMAN.2014.03.016. 

[72] C. Schlumberger, M. Thommes, Characterization of hierarchically ordered porous 
materials by physisorption and mercury porosimetry—A tutorial review, Adv. 
Mater. Interfaces 8 (2021) 2002181. 

[73] P. Maziarka, C. Wurzer, P.J. Arauzo, A. Dieguez-Alonso, O. Mašek, F. Ronsse, Do 
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