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A B S T R A C T

The presence of antibiotics in aquatic environments has contributed to the emergence of multi-resistant bacteria, 
which can pose significant risks to human health through contaminated drinking water and food. These anti
biotics enter water bodies primarily due to inefficient wastewater treatment and inadequate disposal practices in 
hospitals, pharmaceutical industries, and households. Therefore, the development of efficient water decontam
ination methods, such as adsorption and photodegradation, is crucial to mitigate water pollution. In this study, a 
photocatalytic hydrogel composite based on sodium alginate and TiO₂ was developed for the degradation of 
ciprofloxacin (CIP) in water. The hydrogel composite was characterized using various analytical techniques, 
including scanning electron microscopy, energy-dispersive X-ray spectroscopy, Fourier-transform infrared 
spectroscopy, and thermogravimetric analysis. To optimize the CIP degradation process, a fractional factorial 
design (2k⁵⁻²) was employed, which identified TiO₂ concentration, hydrogel dosage (g), and UV lamp distance as 
the most significant factors influencing degradation efficiency. The hydrogel composite’s performance was 
assessed under varying pH conditions and CIP concentrations. Complete degradation of CIP was achieved after 
300 minutes of UV exposure. Additionally, a recyclability study demonstrated the hydrogel’s stability over three 
cycles, with 100 % CIP removal efficiency maintained in each cycle. Notably, the adsorption capacity increased 
from 10 % in the first cycle to 31 % in the third cycle, which may be attributed to increased porosity of the 
hydrogel matrix following photodegradation.

1. Introduction

The demand for fresh water has increased significantly over the 
years. However, this demand often exceeds the supply needed for 
maintaining human health and other necessities. In addition, different 
pollutants have been found in fresh water. Pharmaceuticals for example 
have been detected in rivers due to their release from various sources[1]. 
These include wastewater effluents from pharmaceutical companies 
with inadequate treatment processes[2,3], discharge from hospitals due 
to human excretion[4,5] and household waste. Such pharmaceuticals, 
particularly antibiotics, can negatively impact aquatic ecosystems, 
affecting both the macro and microbiota[6]. For example, the presence 
of antibiotics in water can lead to the development of antibiotic-resistant 
bacteria[7]. Ciprofloxacin hydrochloride (CIP) is a member of the flu
oroquinolone class, which is widely used against a broad spectrum of 
bacterial infections. It acts by binding to and inhibiting bacterial top
oisomerases, thus preventing bacterial replication and leading to cell 

death[1], [8]. Recent studies have shown a strong correlation between 
the use of fluoroquinolones, such as CIP, and the emergence of resistant 
strains of Escherichia coli. For instance, CIP-resistant E. coli has been 
detected in surfers exposed to coastal water in the UK, posing a signif
icant public health risk[9]

The concern over emerging water pollutants has driven the devel
opment of various remediation techniques. Among them, adsorption is a 
simple, versatile, and cost-efficient approach to capture contaminants
[10]. Hydrogels have been employed as adsorbents for antibiotics in 
water due to their high swelling capacity, affinity for different functional 
groups, and decontamination ability[11]. Nevertheless, the adsorbed 
contaminants require subsequent treatment for degradation[12].

To address this challenge, photocatalysis has emerged as a promising 
solution for the degradation of adsorbed pollutants. Photocatalysis is an 
environmentally friendly and efficient approach that involves the use of 
UV light and a semiconductor-based, photo-responsive catalyst[5], [11], 
[13]. A photocatalyst can convert the UV component of sunlight or 
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artificial light to initiate an advanced oxidation process (AOP)[14]. 
Upon activation by light, the photocatalyst generates electron (e-) - hole 
(h+) pairs that lead to the formation of superoxide radicals, which ul
timately degrade contaminants into smaller molecules like CO2 and 
H2O.

Photocatalysts have been widely utilized for the degradation of 
various organic pollutants, including antibiotics such as sulfamethoxa
zole, trimethoprim, and hematoxylin[5], [15]. Some examples of pho
tocatalysts include carbon-based catalysts, bismuth, silver, metal 
sulfides (MSx), and metal oxide (MOx). Among the MOx catalyst, MgO, 
Cu2O, Pr6O11, MgFe2O4, and TiO2, have been successfully employed for 
the degradation of dyes, pharmaceuticals and others. For instance, a 
mullite-Pr6O11 composite was prepared for methylene blue (MB) and 
rhodamine b (RhB) demonstrating up to 75 % degradation of a 100 mg/L 
contaminant solution, with good recyclability. However, Pr₆O₁₁ is a rare 
metal oxide, making its large-scale application costly. As a result, other 
more abundant MOₓ catalysts such as Mg, Fe, Ti, and Zn based oxides 
have been explored as cost-effective alternatives[16], [17], [18], [19].

In nanoparticle form, photocatalysts offer a high surface area, 
allowing for more efficient degradation of contaminants under light 
exposure [20]. However, the main challenge with using nanoparticles is 
their recovery post-treatment. To overcome this limitation, a MgFe2O4 

-graphene composite was used for MB degradation. Due to its small 
particle size, 98 % degradation was achieved within 15 minutes, and due 
to its magnetic properties, it was successfully recovered from the reac
tion solution using a magnet [21].

Another option for improving recovery is the immobilization of 
photocatalysts within different matrices, including hydrogels, taking 
advantage of their adsorption properties. For instance, immobilizing 
TiO2 within a hydrogel matrix offers a reliable solution, combining the 
benefits of adsorption to trap contaminants with photocatalysis for their 
degradation [22], [23], [24]. Titanium dioxide (TiO2) is one the most 
widely studied photocatalysts due to its affordability, non-toxicity to 

humans, and photochemical stability. TiO₂ exists in three polymorphic 
forms: anatase, rutile, and brookite. Degussa P25 is a blend of anatase 
and rutile, which together exhibit a synergistic effect that enhances 
photocatalytic activity [25]. For example, it has been reported that TiO2 
loaded in a matrix composed of cellulose for the adsorption and 
degradation of tetracycline and rhodamine B dye (RhB), reached a 
degradation of > 95 % of the contaminants[26]. In another example, the 
full degradation of tetracycline was achieved using a TiO2-poly(acrylic 
acid) nanocomposite; however, the use of non-degradable hydrogels can 
become a secondary source of contamination [27]. As an alternative, 
biodegradable non-toxic hydrogels can be used to load the semi
conductors. For example, alginate is a polysaccharide derived from the 
cell walls of brown algae, is composed of β-D-mannuronic acid and 
α-L-guluronic acid. It exhibits excellent properties for sustainable 
hydrogel synthesis, such as non-toxicity, biodegradability, and 
biocompatibility, making it a suitable candidate for adsorbing organic 
pollutants, including dyes, heavy metals, and pharmaceuticals from 
water [28], [29], [30].

The aim of this research was to prepare a composite comprised of a 
hydrogel matrix to adsorb contaminants, and an abundant and non-toxic 
photocatalyst for the degradation of antibiotics in water. In this case, the 
use of sodium alginate was chosen due to its abundance, low cost and 
environmentally friendly properties. The integration of adsorption with 
photocatalysis enhanced the degradation of ciprofloxacin (CIP), 
providing potentially an efficient and sustainable water treatment 
solution.

2. Materials and methods

2.1. Materials

All chemicals were used as received from their respective suppliers. 
Alginic acid was obtained from MP biomedicals, while titanium dioxide 

Fig. 1. Preparation of SA/TiO2 hydrogel beads.
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P25 with a ratio (anatase: rutile 85:15, particle size 10–40 nm) was 
purchased from ACS Material. Calcium chloride (≥ 93.0 %) and the 
ciprofloxacin hydrochloride USP reference standard were purchased 
from (Sigma-Aldrich). Acetonitrile and o-phosphoric acid were supplied 
by Fisher Chemical, and triethylamine was obtained from Oakwood 
Chemical. The UV lamp (Evoluchem LED, 365 nm, 18 W, 30 degrees 
angle, 20 mW/cm2 relative irradiance measured in the PhotoRedOx 
Box™) was purchased from HepatoChem. Additionally, ciprofloxacin 
tablets were obtained from a local pharmacy for photodegradation 
testing.

2.2. Synthesis of SA/TiO2 beads

The synthesis of hydrogels was adapted from Zhao et al. [31] and 
illustrated in Fig. 1. 2.5 g of sodium alginate (SA) and 100 mL of distilled 
(DI) water were mixed using a common blender (one speed level, from 
Hamilton beach) for 5 min, and thereafter, a certain quantity of TiO2 
was added and homogenized for another 5 min (Table 1). The suspen
sion was magnetically stirred for 3 h at 500 rpm to ensure TiO2 homo
geneity and lumps elimination. To prepare the hydrogel beads, the 
SA/TiO2 suspension was added dropwise to a 0.1 M CaCl2 solution using 
a 60 mL syringe with a 2 mm tip diameter (Method A). Alternatively, 
before bead formation, the suspension was stored for 3 h at 4 ◦C to 
eliminate any trapped bubbles from the suspension (Method B). The 
hydrogel beads were maintained overnight in a CaCl2 solution to settle. 
Subsequently, the hydrogel beads were rinsed with DI water for 10 min 
to remove excess CaCl2 and thereafter, stored in DI water at 4 ◦C until 
use.

2.3. Point of zero charge

The determination of the point of zero charge (PZC) was adapted 
from Myint et al.[32]. The test was performed in DI water adjusted to 
different pH from 3.0 to 13.0 using HCl and NaOH solutions and a pH 
meter (Thermo Electro Orion 710 A). In 50 mL falcon tubes, 0.5 g of wet 
hydrogel beads were added to the previously adjusted solutions. The 
samples were mixed using a mechanical shaker at 100 rpm for 24 h at 
room temperature. The final pH of the sample was measured. The PZC 
was determined by plotting the change in pH (Δ pH) vs the initial pH.

2.4. Ciprofloxacin tablets quantification

The antibiotic tablets (ciprofloxacin hydrochloride, 500 mg) used in 
this study were quantified by HPLC (Agilent 1260 infinity, Software 
OpenLAB), to determine the exact amount of ciprofloxacin per tablet, 
and the presence of possible degradation products before the photo
catalysis experiments. The quantification method was adapted from 
United States Pharmacopeia (USP) 2023 guidelines[33]. A calibration 
curve was carried out using Ciprofloxacin hydrochloride USP reference 
standard to ensure the accuracy of the results. The mobile phase con
sisted of acetonitrile and phosphate buffer pH 3.0 (13:87) ratio. The 
phosphate buffer was prepared using a solution of phosphoric acid 
0.025 M, adjusted to pH 3.0 with triethylamine. The HPLC analysis was 
conducted using a Gemini 5 u C18 110 A column (150 ×4.60 mm, 
Phenomenex) at 30 ◦C, with the UV detector set to a wavelength of 

278 nm. The flow rate was set at 1 mL/min and the retention time of 
ciprofloxacin was 7 min.

To determine the amount of ciprofloxacin per tablet, the average 
weight per tablet was obtained, and a sample solution was prepared 
using the powder of 10 grinded tablets according to Eq. 1. An aliquot 
was taken to obtain a sample solution that fell inside the calibration 
curve and the valorization was obtained according to Eq. 2[33]. 

Cm =
Pp ∗ Cip

Dose
(1) 

Cm - Amount of powdered tablet (mg) equivalent to desired amount 
of ciprofloxacin
Pp – Average of the tablet’s weight (mg/tablet)
Cip – Desired amount of pure ciprofloxacin in mg
Dose - Dose of ciprofloxacin on the label in mg equivalent to 500 mg/ 
tablet.

Result =
(

ru

rs

)

∗

(
Cs

Cu

)

∗ 100 (2) 

ru = peak area from the sample solution
rs = peak area from the standard solution
cs = concentration of USP ciprofloxacin hydrochloride in the stan
dard solution (mg/mL)
cu = concentration of ciprofloxacin hydrochloride in the sample so
lution (mg/mL)

The acceptance criteria of CIP is 98.0 % - 102.0 % according to USP.

2.5. Adsorption-photocatalysis of ciprofloxacin in SA/TiO2 hydrogel 
beads

The adsorption-photocatalysis experiments were conducted in two 
phases to observe the effect of adsorption of ciprofloxacin and its pho
todegradation separately. SA/TiO2 hydrogel beads were added to 50 mL 
of tablets solution, corresponding to a known concentration of CIP. The 
adsorption phase was conducted under stirring at different rpm ac
cording to the experimental design in dark conditions for 60 min. 
Following this, the photocatalysis phase was conducted exposing the 
sample to UV light at 365 nm for up to 360 min. Samples were taken at 
specific time intervals, and the ciprofloxacin concentration of samples 
was determined by UV spectrophotometry. A UV-1600PC Spectropho
tometer (VWR) was used to perform the quantification at a wavelength 
of 270 nm, using DI water as a blank[34]. A calibration curve of cip
rofloxacin hydrochloride USP reference standard was carried out to 
ensure the accuracy of the results.

To evaluate the effect of different variables and to optimize the 
experimental set-up, a fractional factorial design 2 K5–2 was used. This 
type of design allows to test the main effects of various variables in only 
few experiments. To achieve this, only one fraction of a full factorial 
design is tested. Consequently, some main effects are confounded with 
interactions, and the corresponding slope (β) is a combination of both, 
the main factor and the confounded interactions. They are useful for 
screening the impact of many variables, in only few runs. (Table 2, 

Table 1 
Proportions of SA and TiO2 for hydrogel beads preparation.

Hydrogel code SA/TiO2 

(0 %)
SA/TiO2 

(10 %)
SA/TiO2 

(20 %)
SA/TiO2 

(30 %)

Sodium alginate 
(g)

2.5 2.5 2.5 2.5

TiO2 (g) 0 0.25 0.5 0.75
Water (mL) 100 100 100 100

• (0, 10, 20, 30 %) accounts for the mass percent of TiO2 with respect to SA.

Table 2 
Tested factors in the 2 K5–2 fractional factorial design.

Parameters Low (− 1) Central (0) High (+ 1)

Stirring speed (rpm) 100 350 500
Preparation method Method A Method A or Ba Method B
Hydrogel weight (g) 0.5 1.25 2
TiO2 concentration (%) 0 10 20
UV lamp distance (cm) 10 15 20

a To test the central points, four tests were performed. Two experiments uti
lizing the method A and two experiments using method B.
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Figure S1). The experimental design matrix consisted in four continuous 
variables: stirring speed, hydrogel weight, TiO2 concentration and UV 
lamp distance, as well as hydrogel preparation method as discrete var
iable. The fractional factorial design included 4 central points to test the 
curvature. To build the design, a full factorial design was written for 
stirring (A), hydrogel quantity (B) and TiO2 concentration (C); while the 
preparation method was aliased with the interaction (D = AC) and the UV 
lamp distance with the interaction (E = ABC). Three levels (-1, 0 and 1) 
were defined for each factor. The results were evaluated using Design- 
Expert 7.0 software.

After optimizing the testing variables, the effect of TiO2 concentra
tion inside the SA/TiO2 beads, the initial CIP concentration and the ef
fect of pH were further evaluated. The adsorption-degradation were 
conducted with the UV lamp at a distance of 10 cm from the sample, and 
the sample was stirred at 500 rpm. 2 g of SA/TiO2 hydrogel beads were 
dispersed into 50 mL of CIP tablets solution, and for the adsorption 
phase samples were taken every 10 min. Subsequently, the photo
catalysis phase was conducted under UV light for up to 360 min, with 
samples taken at different time intervals. Initial concentrations of CIP of 
10 mg/L, 15 mg/L and 20 mg/L were evaluated. At a fixed concentra
tion of 15 mg/mL of CIP, the effect of pH from 3 to 9 was evaluated to 
study different pH values found in rivers[35]

The adsorption kinetics at different initial concentrations of CIP and 
different pH values was evaluated with the following Eqs. (3–6)[22,35]: 

qt =
V ∗ (Ci − Ct)

m
(3) 

Where: 

- qt is the adsorption quantity (mg of CIP adsorbed per gram of 
hydrogel)

- Ci is initial concentration and Ct represent concentration at time “t” 
(mg/L) of CIP

- V is the solution volume (L)
- m is the total weight of the hydrogel (SA/TiO2) (g). 

To evaluate the kinetic behavior of the samples, pseudo-first-order 
(Eq.4) and second-order (Eq. 5) models were assessed: 

In(qe − qt) = Inqe − k1t (4) 

t
qt

=
1

k2 ∗ q2
e
+

t
qe

(5) 

Where:
- qe (mg/g) is the equilibrated adsorption capacity.
- qt (mg/g) is the total of adsorption at time t (s).
- the rate constant is k1 (s− 1) and k2 (g/mg*s)

The kinetics of CIP photocatalysis at different initial CIP concentra
tions and different pH values was evaluated with Eq. 6: 

In[cip]t = − k ∗ t+ In[cip]0 (6) 

In [cip]t = natural logarithm of the concentration at time t
In [cip]0 = natural logarithm of the concentration at initial time
k = rate constant of the first order reaction
t = time

2.6. Recyclability of SA/TiO2 hydrogel beads

The recyclability of SA/TiO2 hydrogel beads was assessed by reusing 
2 g of SA/TiO2 beads 3 times to degrade CIP. Each cycle involved an 
adsorption phase for 60 min, followed by a photocatalysis phase for 
300 min. After each cycle, the hydrogels were rinsed with distilled water 
and the supernatant was tested until no CIP was detected. The SA/TiO2 
hydrogels were then stored at 4 ºC until use for the next cycle[22,28].

2.7. Hydrogel characterization

The freshly prepared hydrogels and the samples after recyclability 
tests were characterized to explore their stability. Scanning electron 
microscopy (SEM) was used to observe the morphology of hydrogel. 
Using a SEM Gemini 2 Crossbeam 540 (FIB-SEM) at an accelerating 
voltage at 1 kV for morphology and Energy dispersive X-ray spectros
copy (SEM-EDS Inspect™ F50, Edax Ametek) at 15 kV for analysis of 
TiO2 homogeneity. The samples were freeze-dried until constant weight 
before analysis. FT-IR spectroscopy (using a Nicolet iS50) was used to 
detect the presence of functional groups and to analyze chemical 
bonding between the alginate matrix and the embedded TiO2 particles 
within the hydrogels. To execute this analysis, the samples were previ
ously dried overnight at 80 ◦C in oven. A TGA (SDTA851 Mettler Toledo) 
was used to observe the thermal decomposition of the hydrogels. The 
dried samples were equilibrated at 40 ◦C (isothermal step 5 min). 
Thereafter, the samples were heated from 40 to 800 ◦C at a rate of 10 ◦C 
min− 1. X-ray diffraction test was performed to verify the crystalline form 
of the catalyst (Empyrean X-ray diffraction system from Malvern pan
alytical; Co kα1).

3. Results and discussion

3.1. Ciprofloxacin tablets quantification

A calibration curve was generated using a USP CIP standard at 
concentrations ranging from 0.005 to 0.03 mg/mL, demonstrating 
excellent linearity with a coefficient of determination (R2) of 0.9998. 
The concentration of CIP in the tablets was determined by duplicate 
based on the calibration curve, corresponding to 98.82 % ± 0.68 % of 
the labeled amount of ciprofloxacin (494.1 mg of ciprofloxacin per 
tablet).

Furthermore, it is noteworthy that the chromatogram peaks obtained 
were uniform in size and shape, with no additional peaks indicating the 
absence of significant degradation products (Fig. 2). This suggest that 
the CIP in the tablets remained stable during their shelf life.

3.2. Point of zero charge of SA/TiO2 hydrogel beads

The PZC was determined by the drift method[36]. The PZC refers to 
the surface state of a solid dispersed into a solution. When the solid 
reaches an equilibrium in between negative and positive charges on the 

Fig. 2. Overlapped chromatograms of ciprofloxacin tablets and ciprofloxacin 
HCl USP standard.
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solid surface, the surface charge is equal to zero. This parameter is 
essential for understanding adsorption process in pollutant removal. 
Depending on the electrostatic characteristics of the polymer surface, 
pollutants can be attracted and adsorbed, or conversely repelled[37].

The PZC (Fig. 3) is identified as the pH at which the ΔpH crosses 
zero. For the SA/TiO2 (20 %) hydrogel beads, the PZC occurs at a pH of 
7.2. The SA molecule is primarily composed of hydroxyl (-OH) and 
carboxyl functional groups (-COO-)[38]. Therefore, at pH above the 
PZC, the surface is predominantly negatively charged due to the 
deprotonation of carboxyl groups, while at the PZC, the positive and 
negative charges are balanced, and below that point, the surface is 
mainly positively charged, due to protonation. The presence of cations 

such as Ca2+ and Na+, might also play a role in the balance of charges on 
the hydrogel surface

3.3. Experimental design

From the fractional factorial design 2 K5–2 a total of eight experi
ments, plus central points, were conducted to the chosen design fraction. 
The results of each experimental run are summarized in Table 3.

An ANOVA test was performed to determine the significance of the 
main effects. The results are presented in Table 4. The primary factors 
influencing CIP degradation in descending order were TiO2 concentra
tion (βC), beads method preparation (βAC), hydrogel quantity (βB), and 
UV lamp distance (βABC), with a significance level of P < 0.05.

A surface plot of the TiO2 concentration and UV lamp distance 
(Figure S2 a), and TiO2 concentration against hydrogel quantity 
(Figure S2 b) were carried out to provide a visualization of the factors 
that increased CIP degradation. It is observed that a higher TiO2 con
centration and higher hydrogel quantity help to improve CIP degrada
tion, while a lower lamp distance is beneficial for higher degradation 
due to the higher irradiance, according to Eq. 7. 

I =
k
r2 (7) 

I = Radiation intensity
r = Distance
k = constant

Regarding the method of preparation, storing the suspension inside a 
fridge helped to improve the performance of the SA/TiO2 beads. This is 
because allowing the suspension to stand for some time before forming 
the spheres helped to eliminate the entrapped air, which might decrease 
the TiO2 content per bead. Therefore, the beads prepared by method B 
had an improved homogeneity and, consequently, improved 

Fig. 3. PZC of SA/TiO2 hydrogel composite.

Table 3 
Experimental design and conditions for the fractional factorial design 2 K5–2 study on ciprofloxacin adsorption-degradation.

Exp β0 Stirring Hydrogel quantity TiO2 concentration Preparation method UV lamp distance Degradation

β β0 βA βB βC βAC βABC %
effect I A B C D E ————
1 1 − 1 − 1 − 1 + 1 − 1 54.0
2 1 + 1 − 1 − 1 − 1 + 1 31.9
3 1 − 1 + 1 − 1 + 1 + 1 57.6
4 1 + 1 + 1 − 1 − 1 − 1 55
5 1 − 1 − 1 + 1 − 1 + 1 44.1
6 1 + 1 − 1 + 1 + 1 − 1 85.3
7 1 − 1 + 1 + 1 − 1 − 1 76.9
8 1 + 1 + 1 + 1 + 1 + 1 84.3
9 1 0 0 0 − 1 0 52.5
10 1 0 0 0 1 0 70.8
11 1 0 0 0 1 0 60.2
12 1 0 0 0 − 1 0 67.4

Table 4 
ANOVA results for the Fractional Factorial Design 25–2.

Source Sum of Squares Degrees of freedom Mean Square F-value p-value

Model 2728.05 5 545.61 33.97 0.0023 Significant
βA -Stirring 71.40 1 71.40 4.45 0.1027 ​
βB -Hydrogel quantity 427.78 1 427.78 26.64 0.0067 ​
βC -TiO2 concentration 1060.30 1 1060.30 66.02 0.0012 ​
βAC -Beads method preparation 671.61 1 671.61 41.82 0.0029 ​
βABC -Lamp distance 355.11 1 355.11 22.11 0.0093 ​
Curvature 27.44 2 13.72 0.8544 0.4910 Not significant
Residual 64.24 4 16.06 ———— ———— ​
Lack of fit 28.81 2 14.41 0.8133 0.5515 Not significant
Pure Error 35.42 2 17.71 ———— ———— ​
Total 2819.73 11 ———— ———— ———— ​
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performance. Additionally, cooling the SA suspension prior to bead 
formation may have contributed to enhancing the hydrogel structure 
and, in turn, the strength of the beads. This effect was observed in a 
study where SA beads were formed at various temperatures (5–85◦C). At 
lower temperatures, the SA beads demonstrated a more consistent in
ternal structure with greater resistance to rupture[39]. From these re
sults, a multilinear regression model was calculated by Design Expert 7.0 
software. The following equation can be used to model CIP degradation, 
using the reduced, centralized variables: 

Degradation (%) = 61.14 + 2.99 (Hydrogel quantity) + 11.51 (TiO2 
concentration) + 9.16 (Beads method preparation) – 6.66 (Lamp 
distance).                                                                                           

The optimal conditions obtained from this analysis were 2 g hydro
gel SA/TiO2 beads, 10 cm lamp distance, method of preparation 2, and 
500 rpm for stirring. These conditions were used for the rest of the ex
periments, varying the TiO2 concentration, pH and initial antibiotic 
concentration, since all of them can influence in the adsorption- 
photocatalysis process[40], [41].

3.4. Adsorption-photocatalysis as functions of TiO2 concentrations

The adsorption-photocatalysis of CIP was carried out under the 
optimal conditions from the experimental design to evaluate the 
behaviour of various concentrations of TiO2. These results were 
compared with bare TiO2 and the use of UV lamp in the absence of SA/ 
TiO2 hydrogel beads (Fig. 4). CIP adsorption reached the equilibrium 
during the initial 60 min in dark conditions. In general, the adsorption 
was moderate. The SA/TiO2 10 %, SA/TiO2 20 % and SA/TiO2 30 % 
adsorbed 8.8 %, 9.7 % and 9.1 % of the initial CIP, respectively, while 
bare TiO2 adsorbed 7.9 % of the contaminant. The maximum CIP 
adsorption was 17.7 %, and it occurred when using SA beads without 
TiO2. The poor adsorption of contaminant in the hydrogel may be 
attributed to the limited porosity of the matrix, as observed in the SEM 
analysis (refer to Section 3.8).

A more pronounced difference was observed during the photo
catalytic phase. For instance, the CIP solution exposed to UV light in the 
absence of beads (thus no adsorption phase), presented a linear degra
dation with respect to time, resulting in 58.1 % CIP degradation after 
360 min of UV exposure. A similar experiment using UV light (365 nm) 

in combination with hydrogen peroxide (H2O2) did not achieve com
plete CIP degradation after light exposure as reported in a previous 
study[42]. Interestingly, when adding hydrogel beads without TiO2, the 
decrease in CIP concentration occurred faster, probably due to the 
adsorption of CIP in newly created pores during UV exposure as it can be 
observed on SEM (Fig. 9). However, an equilibrium was achieved after 
180 min of exposure, resulting in 63.2 % of degradation after 360 min, 
which is only slightly higher than UV light without beads.

For SA loaded with TiO2 (10 %, 20 % and 30 %), CIP degradation 
reached 87.5 %, 99.5 %, and 100 % respectively, with variations in the 
degradation time. Specifically, while the SA/TiO2 10 % did not achieve 
full degradation within 360 min of UV exposure, the SA/TiO2 20 % and 
SA/TiO2 30 % achieved full degradation after 300 min and 240 min of 
UV exposure, respectively. In contrast, bare TiO2 achieved full degra
dation within 45 min, since the interaction between contaminant- 
catalyst-UV light could occur faster. However, recovering TiO2 nano
particles can be energy-intensive and inefficient, limiting its practical 
application. UV absorbance spectra recorded in the range of 200 – 
500 nm, showed no peaks at the final time point, suggesting the absence 
of conjugated bonds from the original molecule, and thus, a low likeli
hood of degradation products remaining in solution (Fig. 4b).

TiO2 leaching from the hydrogel matrix was detected when using 
SA/TiO2 (30 %). Studies have shown that the interaction between ionic 
metals and polysaccharides, such as sodium alginate, enhances metal 
dispersion within the matrix through the formation of coordination 
bonds, which follow the well-established egg-box model[43]. It is 
possible that, similar to Ca²⁺, TiO₂ is also stabilized within the SA matrix 
through these interactions and further adsorbed via hydrogen bonding. 
However, an excess of catalyst may oversaturate these bonds with so
dium alginate, resulting in TiO₂ not properly integrated into the matrix, 
which could potentially lead to leaching during photodegradation. 
Therefore, SA/TiO2 (20 %) was selected for the subsequent experiments 
to minimize TiO2 leaching.

The formation of active radical species through UV light exposure is 
responsible for the oxidation and reduction of CIP. In this process, CIP is 
initially adsorbed by the SA/TiO2 hydrogel beads, possibly via hydrogen 
bonding between the hydroxyl groups of SA and TiOH, and the H-bond 
acceptors in the CIP molecule, as well as electrostatic interactions due to 
different charges depending on the pH (Fig. 5d) [44− 46]. Subsequently, 
when UV light interacts with the photocatalyst inside the hydrogel, it 

Fig. 4. a) Adsorption-photocatalysis degradation of ciprofloxacin hydrochloride of sodium alginate loaded using different concentration of TiO2, bare TiO2 nano
particles, and UV light. (Conditions: UV lamp distance: 10 cm, stirring: 500 rpm, ciprofloxacin dosage: 15 mg/L, hydrogel quantity: 2 g (wet), pH 5–5.5. b) 
Absorbance spectra of CIP sample after adsorption and degradation by SA/TiO2 (20 %) over time.
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Fig. 5. a) adsorption-photocatalysis varying pH, b) and c) first-order reaction kinetics for CIP at different pH values, d) reactive species of sodium alginate, CIP and 
TiO2 at different pH, and e) graphic representation of bonding sites during adsorption at pH (5 – 7).
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generates radical species through electron-hole migration. The holes 
(h+) interact with -OH to create hydroxyl radicals (•OH), and the elec
trons interact with O2 to create superoxide radicals (•O2

- )[17], which 
eventually degrade CIP into smaller molecules.

3.5. Effects of pH concentration on SA/TiO2 hydrogel beads

The ionic form of CIP can change at different pH values due to its two 
pKa values: 5.9 for the amino group and 8.89 for the carboxylic group. 
For instance, CIP exists as a cation (CIP+) at pH below 6, a zwitterion 
(CIP±) between pH 6 and 8.89, and as anion (CIP-) above 8.89. This 
variation in ionic forms suggests that the adsorption and degradation 
performance of CIP may be influenced by pH-dependent changes in its 
structure[47]. Similarly, pH also impacts TiO2, which forms different 
surface species depending on the pH. When the pH is below the PZC of 
TiO₂ (pH 6.2), the dominant species in solution are TiOH₂⁺. As the pH 
approaches the PZC, TiOH becomes more dominant, while at pH values 
above the PZC, TiO⁻ is the prevalent reactive species[48].

As can be observed in Fig. 5a, the degradation of ciprofloxacin 
significantly decreased at pH 3. This reduction could be due to elec
trostatic repulsion between the protonated amino group of ciprofloxacin 
and the positively charged TiOH2

+ species during photocatalysis. In 
addition, as the pH increases, the concentration of hydroxyl ions (OH-) 
becomes more abundant, promoting the formation of hydroxyl radicals 
(•OH), which enhances CIP degradation. For instance, Bismark brown 
dye was degraded by using different types of TiO2. When the pH was 
close to the TiO2 PZC, photodegradation reached the optimal degrada
tion of Bismark brown dye for all the different types of TiO2 tested[48]. 
The same effect was observed with the adsorption-degradation of the 
antibiotic oxytetracycline by TiO2/tungsten disulfide/SA composite, in 
which the highest removal reported by the researchers was at pH be
tween 6 and 7, which is close to the PZC of TiO2[49]. In this report, the 

Fig. 6. a) adsorption of CIP at different concentrations, b) adsorption pseudo-first order model fitting, c) adsorption pseudo-second order model fitting and, d) first 
order model photocatalysis. For the adsorption of CIP, antibiotic concentration of 10, 15, 30, 40 mg/L.

Fig. 7. Recyclability of SA/TiO2 hydrogel composite. Error bars no visible for 
degradation, since the removal was 100 % in all the replicates for three cycles.
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best values of degradation were observed in the pH range of 5 – 9 when 
using SA/TiO2 (20 %) hydrogel beads.

The kinetic data were fitted to a first-order reaction model to 
determine the most suitable pH for CIP degradation with SA/TiO2 
(20 %) beads. The plot of the natural logarithm of the concentration at 
time t (In(Ct)) vs time (Fig. 5b) shows rate constants (k1) of 0.0025, 
0.015, 0.0171, and 0.0157 min− 1 at pH 3, 5, 7 and 9 respectively. These 
results indicate that pH 7 was the most suitable for CIP degradation 
using SA/TiO2 (20 %), which is closer to the PZC of TiO2. However, due 
to the minimal variation in degradation rates, the pH was not controlled 
for the subsequent experiments as the pH of distilled water naturally 
falls between 5 and 6, and in the presence of CIP, the initial pH was 5.2 – 
5.3.

CIP adsorption was also impacted by the pH changes, because the pH 
variations modify the surface charge of SA matrix as discussed in the PZC 
test. CIP, being a zwitterionic molecule[50], may experience repulsion 
when the surface charge of the adsorbent matches its charge. It has two 
pKa values: the first, 6.0, correspond to the basic function (amino), while 
the second, 8.8, is associated to the acidic function (carboxyl)[8]. 
Therefore, the adsorption could occur mainly through hydrogen 
bonding at low pH among the protonated carboxyl groups. A similar 
phenomenon was observed with the adsorption of another zwitterionic 
molecule, tetracycline, by a hydrogel composed of SA and graphene 
oxide. In that study, the adsorption of tetracycline reached its optimal 
point close to neutral (pH 6), with adsorption predominantly occurring 
via π- π stacking interaction and hydrogen bonds. In contrast, a reduc
tion in tetracycline adsorption was observed at acidic and basic pH 

levels due to electrostatic repulsion[51].
In this case, at acidic pH, such as pH 3, the CIP might be adsorbed 

principally by hydrogen bonding in between carboxylic groups, car
boxylic group and hydroxyl group, and amino group and carboxylic 
group. Another factor that could have impacted CIP adsorption is related 
to the ions present in the solution. For instance, at basic pH, there are 
abundant sodium cations due to the addition of NaOH and according to 
the literature, the addition of Na+ causes the release of adsorbed CIP due 
to damage in the gel structure[52].

3.6. Effect of CIP concentration on SA/TiO2 hydrogel beads

The adsorption of CIP onto SA/TiO2 beads was evaluated at various 
initial CIP concentrations ranging from 10 to 40 mg/L at pH 5.2 – 5.3. 
(Fig. 6). Adsorption-desorption equilibrium was achieved within 
60 min. The SA/TiO2 hydrogel exhibited minimal variation in adsorp
tion capacity across different initial CIP concentrations, with adsorption 
percentages of 10.8 %, 9.5 %, 12.4 %, and 13.2 % at 10, 15, 30, and 
40 mg/L, respectively. These relatively low adsorption rates can be 
attributed to the weak electrostatic attraction between the hydrogel and 
CIP at this pH range. To further investigate the ability of the hydrogel to 
adsorb CIP at different concentrations, both pseudo-first order and 
pseudo-second order models were used to calculate the kinetic param
eters. Both models showed good fitting, with r2 ≥ 0.95. The calculated 
qe values from the pseudo-first order model were in closer agreement 
with the experimental qe values, indicating that the adsorption process 
follows the pseudo-first-order kinetics. This indicates that adsorption 

Fig. 8. XRD of a) TiO2 reagent and b) SA/TiO2 (20 %) hydrogel beads.
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occurs predominantly in the initial stages when CIP concentrations are 
relatively high. Furthermore, the good fit with the pseudo-first-order 
model suggests that both external and internal diffusion could be the 
rate-limiting steps during adsorption [53]. The k values obtained from 
the pseudo-first-order model indicated that the concentration of 
30 mg/L resulted in the highest k value, suggesting a faster adsorption 
process at this concentration (Table 5).

Following adsorption-desorption equilibrium, the CIP-loaded 
hydrogel was exposed to UV light for photodegradation at CIP concen
trations of 10, 15 and 20 mg/L. The SA/TiO2 hydrogel effectively 
degraded CIP, achieving removal efficiencies of 99.8 %, 99.5 % and 
99.7 % respectively, after 300 min of light exposure. The photo
degradation data indicated a first-order reaction, as per the following 
equation[54]. 

Fig. 9. SEM SA/TiO2 hydrogel. a) and c) SA/TiO2 (20 %) hydrogel without treatment, b) SA/TiO2 (20 %) after three cycles of use, d) magnification of SA/TiO2 
(20 %) pores, e) transversal cut of SA/TiO2 (20 %), and f) agglomeration of TiO2 nanoparticles over SA matrix.
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In
C
C0

= − kappt (7) 

C0 = initial concentration of CIP
C = CIP concentration at time t
kapp = apparent first-order rate constant (min− 1)

As shown in Fig. 6, the linearity of the plot confirms that the 
degradation of CIP by the SA/TiO2 (20 %) hydrogel is a first-order re
action (Table 6). The calculated rate constants (0.0238, 0.0224, and 
0.0193 min− 1 for CIP concentrations of 10, 15 and 20 mg/L respec
tively) demonstrate the efficiency of the degradation process across all 
tested concentrations (Table 5). The rate constants are similar among all 
CIP concentrations. The Langmuir–Hinshelwood (L–H) model states that 

Table 5 
Adsorption kinetics for CIP using SA/TiO2 (20 %).

Equation pseudo first order Equation pseudo second order

CIP concentration 10 mg/L 15 mg/L 30 mg/L 40 mg/L 10 mg/L 15 mg/L 30 mg/L 40 mg/L
m − 0.0568 − 0.0372 − 0.0583 − 0.0539 1.672 0.9641 0.4846 0.3446
b − 0.8183 − 0.5127 0.4563 0.7790 26.074 45.227 8.464 6.190
r2 0.9514 0.9846 0.9714 0.9976 0.9758 0.9485 0.9956 0.9983
qe (cal) (mg g− 1) 0.4411 0.5988 1.5782 2.1794 0.5978 1.0371 2.0631 2.9014
qe (exp) (mg g− 1) 0.4779 0.6037 1.6001 2.2555 0.4779 0.6037 1.6001 2.2555
k 0.0568 0.03728 0.0583 0.0539 0.1072 0.0205 0.0277 0.0191

Table 6 
First-order rate constant for photocatalysis using SA/TiO2 (20 %).

10 mg/L 15 mg/L 20 mg/L

m − 0.0233 − 0.0224 − 0.0193
b 1.9047 2.6509 2.8686
r2 0.9555 0.9959 0.9982
kapp 0.0233 0.0224 0.0193

Fig. 10. SEM/EDS elemental mapping SA/TiO2 hydrogel beads. a) SEM of SA/TiO2 (20 %) hydrogel without treatment, b) elemental distribution of Ti, C, O, Na and 
Ca of SA/TiO2 hydrogel, c) Ti distribution.
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the fraction of catalyst that is occupied by the substrate impacts the 
degradation rate. This effect is particularly important at high concen
trations, where the catalyst is saturated by the substrate, following a 
zero order equation, while at low concentrations such the ones tested in 
this study, a first-order model can fit properly the degradation kinetics
[55]. Nonetheless, the high removal efficiencies of 99.85, 99.50 and 
99.73 % for CIP concentrations of 10, 15, and 20 mg/L after 300 min of 
light exposure underscore the hydrogel’s effectiveness for CIP degra
dation, making it a promising candidate for water treatment 
applications.

3.7. Recyclability

The SA/TiO2 (20 %) hydrogel beads were recycled three times to 
assess their reusability and stability in adsorbing and degrading CIP 
(Fig. 7). The recyclability results indicate that the photodegradation 
efficiency remained stable across all the cycles, with a notable 
improvement in the adsorption phase. This improvement is likely due to 

the formation of new pores in the hydrogel matrix structure through the 
photocatalysis process, as observed in SEM analysis (Fig. 8b). Brunauer- 
Emmett-Teller (BET) was carried out to observe the changes in the 
surface area of SA/TiO2 hydrogel bead comparing the composite 
without treatment vs recycled. The surface area increased from 1.23 m2/ 
g to 1.60 m2/g, and an increase in the average pore size from 262.5 Å to 
375.6 Å. These newly formed pores exposed additional active sites, 
which increased the adsorption efficiency of CIP from 10.14 % in the 
first cycle to 31.95 % by the third cycle. Despite their good efficiency, 
the creation of pores can have a negative impact due to the loss of 
catalyst by leaching and degradation of the hydrogel matrix. Overall, the 
SA/TiO2 beads demonstrated good photostability during the three tested 
cycles and increased their effectiveness for adsorption.

3.8. Characterization of SA/TiO2 hydrogel beads

X-ray diffraction revealed the characteristic peaks of TiO2 in both the 
anatase and rutile phases. Peaks were observed at 2θ = 29.5◦, 43.2◦, 
45.1◦, and 56.4◦, corresponding to the (101), (004), (202), and (211) 
planes of the anatase phase, respectively. Additionally, peaks at 2θ 
= 32.0◦, 42.2◦, 45.1◦, 64.1◦, and 66.9◦ were observed, corresponding to 
the (110), (101), (200), (211), and (220) planes of the rutile phase. The 
composition of TiO2 was 90.3 of anatase and 9.7 % rutile [56]. No 
changes were detected in the phases after reaction (Fig. 8).

The morphology of SA/TiO2 (20 %) hydrogel beads, both before and 
after use, was studied using SEM (Fig. 9). The SA/TiO2 (20 %) hydrogel 
beads exhibited a spherical shape both before and after use. The beads 
had dimensions ranging between 2 and 3 mm. Prior to adsorption tests, 
the SA/TiO2 beads displayed a smooth surface (Figs. 9a and 9c). How
ever, after three cycles of use (Figs. 9b, 9d, and 9f), the hydrogel matrix 
exhibited significant porosity. Upon magnification of the pores, particle 
agglomeration was observed on the surface and within the pores, which 
is likely TiO2. The TiO2 agglomerations were also observed by Kumar 
et al.[49]. A transversal cut at the center of the SA/TiO2 (20 %) hydrogel 
bead was conducted to observe the inner layers of the recycled SA/TiO2 
(20 %) bead (Fig. 9e). The presence of interconnected channels was 
observed. SEM/EDS analysis was performed at 15 kV to observe the 
elemental distribution of C, O, Na, Ca and Ti (Fig. 10). These results 
confirmed a homogeneous distribution of Ti in the SA/TiO2 (20 %) 
hydrogel bead as well as for C, O, Na and Ca.

Fig. 11. a) TGA and b) derivative of new and recycled SA/TiO2 (20 %) used in CIP degradation.

Fig. 12. FT-IR of SA/TiO2 hydrogel beads loaded at various concentrations 
of TiO2.
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3.9. Thermal stability analysis of SA/TiO2 beads

Dried SA/TiO2 (20 %) were analyzed by TGA to assess their thermal 
stability under an inert atmosphere (N2) (Fig. 11). The thermal stability 
of SA/TiO2 (20 %) changed for the recycled samples. Four stages of 
thermal degradation were identified in both samples, new and recycled. 
The first stage was from 60 ◦C to 150 ◦C, the second stage from 200 ◦C to 
325 ◦C, the third from 425 ◦C to 550 ◦C, and the fourth from 700 ◦C to 
800 ◦C. The first stage can be explained by the evaporation of water 
adsorbed by the hydrogel in which the hydrogel lost about 10 % of mass. 
The second stage occurred due to the destruction of the rings of the 
polysaccharide SA with a mass loss of around 35 %. For the third stage, 
the change of SA to sodium carbonate occurred, and finally, for the 
fourth stage, only TiO2, calcium and sodium carbonate remained in the 
sample[57− 59]. As it can be observed on Fig. 11b, the thermal stability 
changed slightly on the recycled SA/TiO2 (20 %) beads after 3 times of 
use. This can be due to the mass loss by the photocatalytic process since 
there is a reduction of the final mass of 3.16 % between the new SA/TiO2 
(20 %) and the recycled SA/TiO2 (20 %). Probably, the formation of 
pores allowed some TiO2 to leach into the media.

FT-IR spectroscopy was used to investigate the interactions between 
the sodium alginate and TiO2 catalyst during the hydrogel preparation 
(Fig. 12). The spectra generally showed similar shapes across different 
TiO2 proportions, with variations primarily in peak intensities. Peaks 
bellow 800 cm− 1 are attributed to TiO2 bonding, specifically to the 
vibrational modes of Ti-O-C and Ti-O-Ti[31], [60]. Notably, the peak at 
877 cm− 1 is more pronounced in samples with a higher concentration of 
TiO2.

Peaks in the range of 1015–1300 cm− 1 are attributed to SA, corre
sponding to the bending vibrations of O-C-H and C-C-H[61]. The peak at 
1394 cm− 1 is associated with the symmetric stretching vibration of the 
carboxylate group (COO-) in SA, as well as the peak observed at 
1403 cm− 1. Additionally, the carboxylate group is evident in the range 
of 1600–1700[62]. Peaks at 2901 and 2984 cm− 1 result from C-H 
stretching and the presence of -CH and OH-[60,63]. The peaks between 
3200 and 3550 cm− 1 are related to hydrogen (-H) and hydroxyl groups 
(-OH) associated with the pyranose ring in SA[61].

4. Conclusion

The adsorption and degradation of CIP by the SA/TiO2 composite 
hydrogels were evaluated in batch using the optimal conditions for CIP 
degradation derived from an experimental design. The experiments 
were divided into two phases: an adsorption phase (60 min) and a 
photocatalysis phase (up to 360 min). Given that CIP is a zwitterionic 
molecule, its behavior changed with respect to pH. In this study, the 
most favorable conditions for CIP adsorption were found at acidic pH, 
which can be attributed to hydrogen bonding between the carboxylic 
groups of CIP and sodium alginate. However, a reduction in CIP 
degradation was observed under acidic conditions, likely due to the 
reduced availability of OH- groups necessary to generate •OH radicals 
during photocatalysis. As a result, the study concluded that optimal CIP 
degradation occurred in nearly neutral conditions. For practicality, the 
experiments were conducted at the pH of DI water, achieving 100 % CIP 
degradation after 60 min of adsorption and 300 min of photocatalysis.

Further studies should focus on adsorption-photocatalysis flow re
actions to scale-up, considering factors such as UV light source, reactor 
design that allows light transmission, and optimal reactor dimensions.
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