
Cite this article as: Hachi, W., Kaouah, F., Bouredji, H., Bendjaballah-Lalaoui, N. "Photocatalytic Degradation of Metformin Using ZnO/UV System: Kinetic 
Study and Transport Modeling in Porous Media", Periodica Polytechnica Chemical Engineering, 2026. https://doi.org/10.3311/PPch.43057

https://doi.org/10.3311/PPch.43057
Creative Commons Attribution b |1

Periodica Polytechnica Chemical Engineering

Photocatalytic Degradation of Metformin Using ZnO/UV 
System: Kinetic Study and Transport Modeling in Porous 
Media

Wassila Hachi1*, Farida Kaouah1, Hamza Bouredji2, Nadia Bendjaballah-Lalaoui3

1	Laboratory of Industrial Process Engineering Sciences, Faculty of Mechanical Engineering and Process Engineering, University 
of Science and Technology Houari Boumediene, Algiers 16111, Algeria

2	Laboratory of Advanced Solutions in Process Engineering, Department of Process Engineering, Faculty of Technology, 
University of Batna 2 Mostefa Ben Boulaïd, Batna 05078, Algeria

3	Laboratory of Catalytic Materials and Catalysis in Organic Chemistry, University of Science and Technology Houari Boumediene, 
Algiers 16111, Algeria

*	Corresponding author, e-mail: hachi_wassila@yahoo.fr

Received: 11 December 2025, Accepted: 18 May 2026, Published online: 20 July 2026

Abstract

The occurrence of pharmaceutical contaminants in aquatic and terrestrial environments has become a major environmental concern 

due to their persistence, continuous release, and biological activity at low concentrations. Metformin hydrochloride, a widely prescribed 

antidiabetic drug, is frequently detected in water and soil systems owing to its high consumption and resistance to biodegradation. 

This  work couples photocatalysis with soil transport modeling to assess removal efficiency and environmental fate.This study 

investigates the transformation of metformin from aqueous solutions using ZnO-assisted photocatalysis under UV  irradiation, 

combined with an assessment of its transport behavior in porous media. The influence of key operational parameters, including 

catalyst loading, initial concentration, and pH, was systematically evaluated. Under optimal conditions (pH 9.7, 0.3 g L−1 ZnO), a removal 

efficiency of 77% was achieved within 180 min. Kinetic analysis confirmed pseudo-first-order behavior, demonstrating the effectiveness 

of photocatalysis compared to adsorption alone. It should be noted that UV–Vis spectrophotometry reflects primary transformation 

rather than complete degradation due to the possible formation of transformation products such as guanylurea. The transport of 

metformin was further simulated in light sand and biosolid-amended soil using a nonlinear physical nonequilibrium (PNE) model. 

Breakthrough curve analysis revealed rapid transport with limited retention in lignt sand, whereas delayed migration and enhanced 

sorption were observed in biosolid-amended soil, indicating nonlinear sorption behavior. These findings highlight the importance of 

integrating advanced treatment processes with subsurface transport analysis to provide a more comprehensive environmental risk 

assessment of pharmaceutical contaminants.
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1 Introduction
The accelerated industrialization and urbanization of 
recent decades have resulted in widespread and persistent 
contamination of aquatic and terrestrial environments 
by a wide range of organic pollutants, including pharma-
ceuticals, pesticides, dyes, and other anthropogenic com-
pounds [1–3]. Among these emerging contaminants, active 
pharmaceutical ingredients (APIs) represent a growing 
environmental concern due to their continuous release, 
environmental persistence, biological activity at trace con-
centrations, and potential for bioaccumulation [1, 2]. Unlike 

conventional pollutants regulated by strict discharge stan-
dards, pharmaceuticals are continuously introduced into 
the environment through multiple pathways, including 
municipal wastewater effluents, hospital discharges, agri-
cultural runoff, and the land application of biosolids [2, 4]. 
Once released, these compounds may persist in aquatic 
systems, accumulate in sediments, or migrate into ground-
water through subsurface transport, thereby creating sec-
ondary pollution sources [1, 3]. Their incomplete degrad-
ability, combined with intrinsic bioactivity, makes APIs 
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particularly problematic contaminants requiring inte-
grated assessment across both water and soil systems [1]. 
Metformin hydrochloride  (MET), chemically known as 
3-(diaminomethylidene)-1,1-dimethylguanidine hydro-
chloride, exemplifies this issue. As one of the most widely 
prescribed antidiabetic drugs for type  II diabetes world-
wide, metformin is produced and consumed in large quan-
tities. Due to its low metabolic degradation in the human 
body, approximately 50% of the administered dose is 
excreted unchanged in urine [5]. Consequently, metformin 
is frequently detected in wastewater, surface waters, and 
increasingly in soils receiving treated wastewater or bio-
solids [5, 6]. Its high polarity, chemical stability, and resis-
tance to biodegradation contribute to its persistence in the 
environment, making it a suitable model compound for 
studying both treatment efficiency and environmental fate.

Conventional water treatment processes, such as coag-
ulation, flocculation, and adsorption, are generally inef-
fective for the removal of pharmaceutical compounds 
and often result in phase transfer rather than complete 
elimination  [2,  3]. In contrast, advanced oxidation pro-
cesses  (AOPs), based on the generation of highly reac-
tive hydroxyl radicals  (•OH), have emerged as effective 
alternatives due to their strong oxidative potential and 
non-selective reactivity toward a wide range of organic 
contaminants [1, 2]. Among these technologies, heteroge-
neous photocatalysis has attracted considerable attention 
because of its operational simplicity, cost-effectiveness, 
and potential for solar-driven applications  [3,  7]. Zinc 
oxide is a particularly promising photocatalyst owing 
to its favorable physicochemical properties, including a 
wide band gap (Eg ≈ 3.2 eV), high exciton binding energy, 
chemical stability, low cost, and relatively low toxic-
ity [7, 8]. Numerous studies have reported the photocat-
alytic transformation of metformin using ZnO under UV 
irradiation, focusing primarily on optimizing operational 
parameters and evaluating kinetic behavior. However, 
these studies are generally limited to aqueous phase treat-
ment and do not address the subsequent environmental 
fate of treated effluents. The critical limitation of current 
research lies in the assumption that removal from water 
equates to environmental safety. In reality, residual met-
formin and its transformation products may enter soil 
systems through irrigation with treated wastewater or 
biosolid application. Once in the subsurface, their mobil-
ity is governed by soil properties, sorption mechanisms, 
and hydrodynamic conditions, which ultimately control 
the risk of groundwater contamination.

While numerous studies have reported the photocat-
alytic degradation of metformin using ZnO under UV 
irradiation, these works are generally limited to aqueous 
phase treatment and focus primarily on process optimiza-
tion and kinetic analysis. However, they do not address the 
subsequent environmental fate of treated effluents, partic-
ularly their behavior in soil systems. The novelty of the 
present study lies in coupling photocatalytic degradation 
kinetics with subsurface transport modeling using a non-
linear physical non-equilibrium (PNE) model. This inte-
grated approach provides a more comprehensive under-
standing of the environmental fate of metformin by linking 
its transformation in water to its mobility and persistence 
in porous media. To date, no study has comprehensively 
coupled photocatalytic transformation with subsurface 
transport modeling to evaluate the environmental fate of 
metformin across multiple environmental compartments. 
Addressing this gap is essential for developing a more 
realistic and integrated framework for environmental risk 
assessment. In this context, the present study proposes a 
dual approach. First, the photocatalytic transformation of 
metformin using a ZnO/UV system is systematically inves-
tigated, including the comparison between adsorption and 
photocatalysis, optimization of operational parameters, 
catalyst characterization, and kinetic modeling based on 
pseudo-first-order and Langmuir–Hinshelwood  (L-H) 
approaches. Second, the transport behavior of metformin 
is simulated in two contrasting porous media (light sand 
and biosolid-amended soil) using a nonlinear PNE model, 
accounting for mass transfer limitations and nonlinear 
sorption. By  integrating photocatalytic transformation 
with subsurface transport modeling, this study provides 
a comprehensive framework for understanding the envi-
ronmental fate of pharmaceutical contaminants, bridging 
the gap between water treatment efficiency and long-term 
environmental behavior.

2 Materials and methods
2.1 Chemical reagents
Commercial zinc oxide (99% purity) supplied by Merck 
was used as the photocatalyst. According to the manu-
facturer, the particle size ranged from 0.1 to 4 µm, with 
a specific surface area  (SBET) of approximately 9  m2  g−1. 
Metformin hydrochloride (99%  purity), obtained from 
Sigma-Aldrich, was used as the target compound. Its 
main physicochemical properties are summarized in 
Table 1, and its chemical structure is presented in Fig. 1. 
A stock solution of metformin was prepared by dissolving 
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the required amount in distilled water. The solution was 
stirred in the dark for 3 h to ensure complete dissolution 
and stabilization before use. Working solutions of the 
desired concentrations were then obtained by dilution. 
The pH of the solutions was adjusted using hydrochloric 
acid and sodium hydroxide. Metformin was selected as a 
model pollutant due to its frequent detection in various 
environmental compartments [5], its low biodegradability, 
and its persistence in aqueous and soil systems.

2.2 Experimental setup
All experiments were carried out under artificial irradia-
tion. Photodegradation tests were conducted in batch mode 
in a cylindrical, jacketed glass reactor (250 mL capacity) 
connected to a thermostatically controlled water bath, 
with the temperature maintained at 25 ± 1 °C. Irradiation 
was provided by a 24  W  UV lamp emitting predomi-
nantly at 365 nm, mounted on a fixed support and posi-
tioned parallel to the plane of the reactor. The  distance 
between the UV source and the solution was kept constant 
at 5 cm to ensure uniform irradiation. The entire system 
was enclosed in a sealed chamber lined with aluminum 
foil to minimize UV losses and prevent interference from 
external light. The  required amount of semiconductor 
was added to aqueous MET solutions, and the resulting 

suspension was magnetically stirred overnight in the dark 
to ensure homogeneous dispersion of the catalyst and to 
reach adsorption–desorption equilibrium. This  step was 
performed to evaluate the adsorption capacity of MET 
onto the semiconductor prior to irradiation. After irradi-
ation, samples were withdrawn from the reactor at regu-
lar time intervals, centrifuged at 3000 rpm, and analyzed 
using a UV–visible spectrophotometer. A schematic rep-
resentation of the experimental setup is provided in Fig. 2.

2.3 Characterization techniques
The crystalline structure of ZnO was determined by X-ray 
diffraction  (XRD) using a Shimadzu D6000 (Japan) dif-
fractometer with Cu-Kα radiation (λ = 1.54 Å) at 40 kV 
and 3 mA, scanned at 0.2° min−1. Particle morphology was 
examined by scanning electron microscopy (SEM; Hitachi 
S-4800, Japan), and particle size distribution was measured 
using a laser particle size analyzer  (Mastersizer  2000, 
Malvern Instruments, UK).  The  optical band gap was 
evaluated by diffuse reflectance spectroscopy (DRS) with 
a Specord  200 Plus spectrophotometer (Analytik Jena, 
Germany) over 190–1100  nm. The  isoelectric point of 
the photocatalyst was determined by zeta potential anal-
ysis (Zetasizer  Nano-ZS, Malvern Instruments, UK) 
in the pH range 5–11, following the  method described 
by Kosmulski [9].

2.4 Experimental procedures
A fixed amount of catalyst was dispersed in 100  mL 
of  MET solution at the initial concentration (C0) under 
moderate stirring (300  rpm) to prevent vortex forma-
tion. During UV irradiation, 3  mL samples were with-
drawn every 30 min from the batch reactor, centrifuged, 
and filtered to remove ZnO particles, then analyzed 

Table 1 Physicochemical properties of metformin hydrochloride

Types of properties Paramteres Values

Physical properties

Physical state Solid

Appearance White powder

Water solubility (25 °C) 300 g/L

Melting point 223-226 °C

Boiling point 267 °C

λmax 233 nm

Chemical 
properties

Chemical formula C4H11N5

Molar mass 129.20 g/mol

pKa 3.10-13.80

Fig. 2 Schematic diagram of the photocatalytic experimental setup. 1: 
Water inlet, 2: jacketed reactor, 3: bar magnet, 4: magnetic agitator, 5: 

out of the water, 6: transparent cover, 7: UV lamp, 8: sampling point, 9: 
aluminium foil, 10: light reflection, 11: box, 12: thermostatic bath.

Fig. 1 Chemical structure of metformin
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by UV–visible spectrophotometry (Specord  200  Plus, 
λmax = 233 nm). To quantify the contributions of adsorption 
and photolysis, control experiments were performed in the 
dark and under UV light in the absence of the catalyst. 
The degree of mineralization was determined using a total 
organic carbon  (TOC) analyzer (CSH  E200, Shimadzu, 
Japan). The  percentage of MET degradation was calcu-
lated using Eqs. (1) and (2) [10]:

D %� � � �
�

C C
C

t0

0

100 	 (1)

M % %� � � �
�

T T
T

t0

0

100 	 (2)

where  D is degradation and M is mineralization efficiency. 
Ct is the concentration of MET at time t, T0 is the initial 
TOC concentration and Tt is the TOC concentration after 
photocatalysis at time t.

3 Results and discussion
3.1 Characterization of the photocatalyst
The band gap energy (Eg) of ZnO, a key parameter gov-
erning its photocatalytic activity, was determined from 
diffuse reflectance spectroscopy measurements. The band 
gap was estimated by extrapolating the linear region of the 
Tauc plot of (αhν)2 as a function of the photon energy (hν), 
according to Eq. (3).

� � �h h En
g� � � �� �const 	 (3)

where α is the optical absorption coefficient and n = 2.
The band gap energy of ZnO was estimated to 

be 3.20 ± 0.02 eV (Fig. 3). 

The X-ray diffraction  pattern of ZnO, recorded over a 
2θ range of 20–100°, is presented in Fig. 4. All diffraction 
peaks can be indexed to the hexagonal wurtzite structure 
of ZnO, in good agreement with the standard ICDD PDF 
card No. 36-1451  [11], confirming the high crystallinity 
of the material.

Zeta potential measurements were performed to evalu-
ate the surface charge and colloidal stability of ZnO parti-
cles. A high absolute value of zeta potential indicates strong 
electrostatic repulsion between particles, thereby reducing 
aggregation and improving dispersion stability. The varia-
tion of zeta potential as a function of pH is shown in Fig. 5. 

The point of zero charge (pHpzc) of ZnO was determined 
to be approximately 9.2, providing important insight into 
the interactions between the ZnO surface and metformin 
molecules. At  pH values below  9.2, the ZnO surface is 
positively charged (Eq.  4), whereas at  pH values above 
9.2, it becomes negatively charged (Eq. 5). At the optimal 
pH (≈ 9.7), ZnO carries a negative surface charge, while 
metformin is predominantly present in its monocationic 
form, leading to electrostatic attraction that enhances 
adsorption and photocatalytic transformation.

Fig. 3 Direct band gap transition of ZnO

Fig. 4 X-ray diffraction pattern of ZnO

Fig. 5 Zeta potential of ZnO as a function of solution pH and the point 
of zero charge (pHpzc)
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Zn OH H Zn OH� � � �� �
2

	 (4)

Zn OH OH Zn O� � � �� � 	 (5)

The SEM image (Fig. 6) reveals that the ZnO sample 
consists of agglomerated fine particles forming porous 
clusters, which may enhance the available surface area 
for photocatalytic reactions. The particle size ranges from 
approximately 0.35 to 2 µm, with more than 90% of the 
particles being smaller than 0.55 µm.

3.2 Preliminary comparison of removal 
The performance of heterogeneous photocatalysis using 
ZnO was evaluated by comparing three different processes 
for the removal of MET: adsorption, photolysis, and photo-
catalysis. In the adsorption experiments, the MET solution 
was brought into contact with ZnO in the absence of irradi-
ation, allowing the catalyst to act solely as an adsorbent. In 
the photolysis experiments, the MET solution was exposed 
to UV irradiation without the presence of ZnO. In con-
trast, photocatalytic experiments were carried out under 
simultaneous UV irradiation and ZnO addition, enabling 
both adsorption and photocatalytic transformation. 

All  experiments were performed at an initial MET con-
centration of  20  mg∙L−1. The  ZnO dosage ranged from 
0.05 to 0.5 g L−1, and the natural pH of the solution was 
approximately 6.4. Fig. 7 illustrates that during adsorption, 
which is a purely physical process, MET was only slightly 
removed, with a removal efficiency of less than  9%. 
The presence of UV light alone resulted in a low removal 

Fig. 6 SEM image of ZnO

Fig. 7 Temporal evolution of MET concentration during different 
processes
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rate, not exceeding 8%. These observations are consistent 
with the findings of Tao et al. [12], who reported that MET 
removal after 2 h of photolysis was not significant. 

In contrast, photocatalysis in the presence of ZnO 
under a 24  W  UV lamp significantly enhanced MET 
transformation, achieving 70% removal after 180  min 
of irradiation. Similarly, De  la Cruz et  al.  [13] reported 
that the photocatalytic transformation of a pharmaceu-
tical compound under artificial irradiation reached 71% 
removal after 240 min.

3.3 Kinetic analysis
3.3.1 Evaluation of the reaction order 
The photocatalytic transformation of MET was inves-
tigated at initial concentrations ranging from  10 
to 40 mg L−1, using a ZnO dosage of 0.3 g L−1 at natural 
pH conditions. The reaction kinetics were analyzed using 
both linear and nonlinear approaches based on the pseu-
do-first-order model:

dC
dt

k Capp� � � ,	 (6)

C C k tapp� �� ��
0
exp ,	 (7)

where kapp is the apparent pseudo-first-order rate constant. 
The nonlinear fitting results (Fig. 8) show good agreement 
with the experimental data, confirming the applicability 
of the pseudo-first-order model [14]. This behavior is con-
sistent with the Langmuir–Hinshelwood (L–H) mecha-
nism, where at low concentrations the reaction rate is pro-
portional to the pollutant concentration. Slight deviations 
at higher concentrations are attributed to light attenuation 
and partial saturation of active sites. 

3.3.2 Photocatalytic activity kinetics
Effect of ZnO dosage 
The kinetics of metformin transformation under UV irra-
diation were investigated by monitoring the temporal evo-
lution of its concentration in solution. To better understand 
and optimize the photocatalytic process, key operational 
parameters, including catalyst loading, solution pH, and 
initial MET concentration, were systematically varied. 
All  experiments were conducted under the conditions 
described above. Catalyst dosage is a critical parameter in 
heterogeneous photocatalysis systems operating in suspen-
sion. An  optimal amount ensures maximum efficiency at 
minimal cost and depends on both the nature of the pollut-
ant and the reactor configuration [15]. Previous studies have 

Fig. 8 Nonlinear plots of the pseudo-first-order kinetic model at different initial MET concentrations for photocatalytic degradation over ZnO
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demonstrated the existence of an optimal catalyst loading 
for effective pollutant transformation [16, 17]. The effect of 
ZnO dosage on the transformation rate of MET was inves-
tigated over the range of 0–0.5 g L−1 under UV irradiation, 
using an initial MET concentration of 20 mg L−1 at natural 
pH. The corresponding results are presented in Fig. 9.

In the absence of ZnO, the MET concentration remains 
nearly constant, with a transformation efficiency not 
exceeding 8% after 180 min of irradiation, confirming 
that direct photolysis plays a negligible role. Therefore, 
the observed removal can be mainly attributed to the pho-
tocatalytic process. The results clearly show that ZnO 
dosage has a significant effect on MET transformation. 
The  transformation efficiency increases with increasing 
catalyst concentration, reaching a maximum of approxi-
mately 69% at 0.2 g L−1 (Fig. 10).

This behavior is attributed to the increase in the num-
ber of available active sites and enhanced photon absorp-
tion. However, beyond this optimal dosage, a decrease in 

transformation efficiency and the corresponding appar-
ent rate constants (Table 2) is observed. This decline can 
be attributed to light scattering, reduced light penetra-
tion, and particle aggregation at higher catalyst concen-
trations, which limit the effective photocatalytic activ-
ity. At  elevated ZnO loadings, a screening effect occurs 
due to increased turbidity and light scattering within the 
suspension. This phenomenon reduces light penetration 
and limits the generation of reactive species, particularly 
hydroxyl radicals  (•OH), which are responsible for the 
oxidation of metformin  [18,  19]. Since photocatalysis is 
a surface-driven process, the kinetic parameters strongly 
depend on the effective surface area exposed to irradiation. 
As shown in Table 2, the half-life (t1/2) decreases as the ZnO 
dosage increases from 0 to 0.2 g L−1, while the correspond-
ing apparent rate constants increase over the same range.

Several studies have reported that the influence of cata-
lyst dosage on transformation kinetics can be empirically 
described by a power-law relationship between the appar-
ent rate constant and catalyst concentration [20, 21]:

ln ln lnk k napp app� � � �1
ZnO ,	 (8)

where [ZnO] represents the concentration of ZnO in the 
reaction medium, k1 is the kinetic constant. napp is defined 
as the apparent reaction order with respect to ZnO concen-
tration.  Applying Eq. (8) to the experimental results yields 
a linear relationship (Fig. 11), from which an apparent 
reaction order of 0.26 with respect to ZnO concentration 
was determined under artificial irradiation. The apparent 
rate constants can thus be expressed empirically as:

kapp � � � ��
2 03 10

3 0 26

.
.

ZnO 	 (9)

The obtained fractional reaction order (n < 1) indicates 
that the dependence of the reaction rate on catalyst con-
centration is non-linear. This behavior does not reflect a 

Fig. 9 Photocatalytic removal of MET at different ZnO dosages

Fig. 10 Variation of the apparent rate constant as a function of ZnO 
dosage

Table 2 Kinetic parameters, initial reaction rates, and half-life  for 
metformin transformation at different ZnO dosages

[ZnO]
(g L−1)

R
(%)

kapp
(min−1)

r0
(mg L−1∙min−1)

t1/2
(min) R2

0 8 3.74 × 10−4 0.051 1.85 × 103 /

0.05 63 0.00588 0.125 1.18 × 102 0.96988

0.1 63 0.00566 0.145 1.22 × 102 0.99199

0.2 69 0.00728 0.17 9.52 × 101 0.96997

0.3 68 0.00704 0.152 9.85 × 101 0.96885

0.4 64 0.00552 0.124 1.26 × 102 0.99145

0.5 67 0.0066 0.143 1.05 × 102 0.9728
Note: R corresponds to the degradation percentage, r0 represents the 
initial rate, and R2 is the coefficient of determination.
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true mechanistic reaction order but rather results from 
the combined effects of light attenuation, catalyst aggre-
gation, and mass transfer limitations at higher ZnO con-
centrations. Similar observations have been reported by 
Galindo et al. [18] for the photocatalytic degradation of 
organic compounds. At low catalyst loadings, the reaction 
rate increases with ZnO concentration due to the higher 
availability of active sites and improved photon absorp-
tion. However, at higher loadings, deviations from linear-
ity occur as a result of light screening effects and partial 
saturation of the catalyst surface, which limit the effective 
utilization of the photocatalyst. Therefore, Eq. (8) is valid 
only within a limited range of ZnO concentrations, where 
these limiting effects remain negligible.

Effect of solution pH
The pH of the solution is a crucial parameter in photocat-
alytic processes, as it governs several key factors, includ-
ing the surface charge of the catalyst, the ionization state 
of the pollutant, and the generation of reactive oxidative 
species such as hydroxyl radicals. ZnO is an amphoteric 
semiconductor characterized by a pHpzc in the range of 
9.0–9.2. Consequently, its surface is positively charged 
at pH  <  pHpzc and negatively charged at pH  >  pHpzc. 
Furthermore, the ionic nature of the pollutant and its inter-
action with the catalyst surface are strongly influenced by 
pH variations [22]. The influence of the initial solution pH 
on the photocatalytic removal of MET was investigated 
under artificial UV irradiation over a pH range of 6.3–11, 
with an initial MET concentration of 20 mg L−1 and a cata-
lyst loading of 0.2–0.3 g L−1. The pH of the suspension was 
adjusted prior to irradiation.

As illustrated in Fig. 12, the removal efficiency increases 
with increasing pH, reaching a maximum value of 77.34% 
at pH 9.7, followed by a decrease at higher pH values. This 

behavior can be attributed to the combined effects of catalyst 
surface charge, MET speciation, and hydroxyl radical for-
mation. Metformin is a polyprotic compound (pKa ≈ 11.5) 
and exists predominantly in a monocationic form within 
the investigated pH range (6–11). At pH values close to 9.7, 
which are slightly above the pHpzc of ZnO, the catalyst sur-
face becomes negatively charged, while MET remains 
positively charged. This results in strong electrostatic 
attraction between MET molecules and the ZnO surface, 
thereby enhancing adsorption and facilitating photocata-
lytic degradation [23]. In parallel, increasing pH leads to 
an increase in hydroxide ion concentration, which pro-
motes the formation of  •OH through their reaction with 
photogenerated holes (h+). These radicals are highly oxi-
dative and play a major role in the degradation mechanism 
of organic pollutants  [24]. This behavior is also consis-
tent with the pH-dependent variation of hydroxyl radical 
generation efficiency, which directly influences the overall 
photocatalytic reaction rate.

The apparent rate constant (kapp), presented in Fig. 13 
and Table 3, follows the same trend, increasing with pH 
up to 9.7 and decreasing thereafter. At pH values above 10, 

Fig. 11 Variation of ln kapp as a function of ln[ZnO]. [ZnO] is expressed 
in g L−1.

Fig. 12 Photocatalytic degradation of MET at different solution 
pH values

Fig. 13 Variation of the kapp as a function of solution pH
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the observed decrease in removal efficiency may be 
attributed to several factors. First, excess OH⁻ ions may 
compete with MET molecules for adsorption sites on the 
catalyst surface. Second, high OH⁻ concentrations may 
promote the recombination of photogenerated electron–
hole pairs, thereby reducing the availability of reactive 
species. Third, changes in MET speciation at higher pH 
may reduce its affinity for the catalyst surface [25].

Similar trends have been reported for ZnO-based pho-
tocatalytic systems, confirming that the effect of pH is 
governed by a complex interplay between electrostatic 
interactions, radical generation, and dissociation equi-
libria of the involved species [26]. Overall, the influence 
of pH on MET photodegradation is governed by multiple 
interdependent factors, including catalyst surface chem-
istry, pollutant speciation, and reactive species dynamics, 
making its interpretation inherently complex.

3.3.3 Mineralization
In photocatalytic degradation processes, the formation 
and accumulation of intermediate products are of signif-
icant concern due to their potential risks to human health 
and the environment [27]. Therefore, evaluating the extent 
of mineralization through TOC removal is essential to 
assess the overall efficiency of the process. 

Fig. 14 presents a comparison between the degradation 
efficiency of metformin  and TOC removal as a function 
of irradiation time, under the following operating condi-
tions: initial MET concentration of 20 mg L−1, ZnO dosage 
of 0.3 g L−1, and pH 10. As shown in Fig. 14, after 30 min 
of irradiation, the degradation of MET reached 36.3%, 
whereas TOC removal did not exceed 17.67%. This discrep-
ancy indicates that, although MET is transformed, com-
plete mineralization is not achieved at this stage. The rel-
atively slow decrease in TOC during the initial period 
can be attributed to the formation of intermediate prod-
ucts with lower molecular weight, which still contribute 
to the overall organic carbon content of the solution. With 
increasing irradiation time, both MET transformation and 
TOC removal progressively improve. After 180 min, MET 
removal and TOC reduction reached 93.28% and 82.37%, 
respectively. The higher removal efficiency compared to 
TOC reduction confirms that the photocatalytic process 
initially favors the transformation of the parent compound, 
followed by the gradual oxidation of intermediate species 
toward final mineralization products such as CO2 and H2O.

These results highlight that UV–ZnO photocatalysis is 
effective for the transformation of MET, while complete 
mineralization requires longer irradiation times due to the 
sequential oxidation of intermediate by-products.

3.4 Modeling of degradation kinetics
Several studies have shown that heterogeneous photoca-
talysis can be described by the L–H model [14, 19, 23, 28]. 
According to this model, organic molecules are first 
adsorbed onto the catalyst surface, and the initial degra-
dation rate (r0) is expressed as:

r dC
dt

k K C
K C

r L H

L H
0

0

0
1

� � �
� �
� �

�

�

,	 (10)

where r0 is the initial degradation rate, KL−H is the MET 
adsorption constant on the catalyst, kr is the reaction rate 
constant and C0 is the initial concentration of the organic 
compound. 

The fitting of the experimental MET degradation data 
using the L–H model (Fig. 15) allowed the determination 
of the kinetic parameters, as summarized in Table 4.

As shown in Fig. 15, the initial transformation rate 
increases with increasing initial MET concentration, indi-
cating enhanced interaction between the pollutant and the 
catalyst surface [29]. Table 4 shows that the L–H model 
provides a good fit to the experimental data, with coeffi-
cient of determination (R2) higher than 0.975.

Table 3 Kinetic parameters, initial reaction rates, and half-life times for 
MET removal at different pH values

pH R
(%)

kapp
(min−1)

r0
(mg L−1∙min−1)

t1/2
(min) R2

6.23 73 0.00898 0.0079 77.19 0.98033

8 65 0.00884 0.0078 78.41 0.90978

9.7 77 0.01094 0.0089 63.35 0.97067

10.1 57 0.00626 0.0065 110.72 0.86403

11 64 0.00584 0.0068 118.69 0.63865

Fig. 14 Comparison of metformin degradation and TOC removal (%) as 
a function of irradiation time
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3.5 Modeling of metformin transport through soil
The transport of MET through soil was investigated using a 
nonlinear physical non-equilibrium (PNE) model [30, 31]. 
The breakthrough curves were generated using adsorption 
and transport parameters obtained from Bouredji et al. [32] 
for solute transport in saturated porous media, rather than 
from experimental column studies. No local measure-
ments of soil parameters were conducted; all model inputs 
were derived from the literature or adapted from previ-
ously published values based on adsorption isotherm and 
kinetic models [33–35]. This modeling approach provides 
a preliminary assessment of MET mobility and break-
through behavior under continuous flow conditions, offer-
ing insights into adsorption–desorption dynamics and 
potential environmental risks [34, 35]. It should be noted 
that the results are predictive in nature, as no experimen-
tal validation has been performed. Therefore, the simu-
lated breakthrough curves are theoretical and are intended 
to illustrate general trends and possible scenarios rather 
than to provide quantitatively validated outcomes. Future 
work involving controlled column experiments is required 
to confirm and refine the model predictions.

3.5.1 Problem formulation
The transport of metformin in a porous medium (soil) with 
mobile and immobile regions of soil water is governed by 
the following equations (Leij and Bradford, 2009) [36]:
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where um is the pore-water velocity in the mobile 
water  [L T−1] (where L and T denotes length and time 
unit, respectively). Cm,  Cim are the solute concentrations 
in the mobile and immobile water, respectively  [M L−3]. 
[M L−3] represents mass per unit volume, where M cor-
responds to mass unit. [M M⁻¹] represents mass of solute 
per mass of dry soil. Thus, Sm and Sim correspond to the 
concentration of solute adsorbed on the solid phase in the 
mobile and immobile regions, respectively, expressed as 
mg of solute per g of dry soil. ρ is the dry soil bulk den-
sity [M L−3]. Dm is the hydrodynamic dispersion coefficient 
in the mobile water phase, representing the spreading of 
solute caused by velocity variations and molecular diffu-
sion in porous media. Its unit [L2 T−1] corresponds to length 
squared per unit time. X represents the spatial coordinate 
(distance) along the flow path in the porous medium (m). 
The variable t represents time in the system. The unit [T] 
denotes the time dimension, α is the mass transfer coeffi-
cient between mobile and immobile regions [1/T]. [L3 L−3] 
corresponds to a volume fraction, representing the ratio of 
water volume to total porous medium volume. Therefore, 
Θm and Θim are dimensionless quantities (–).

Equilibrium controlled sorption isotherms are consid-
ered in this paper. The Freundlich isotherm model is used:

S K C S K Cm Fm m
n

im Fim im
n� �� � ,	 (13)

where Sm represents the solid-phase concentration of sol-
ute adsorbed onto the soil particles in the mobile region, 
expressed as mass of solute per mass of dry soil. KFm and 
KFim have units (L3/M)(n,m), where (n,m) denotes an exponent 
depending on the Freundlich parameter nnn for each region. 

Table 5 presents the values of the physical and adsorption 
parameters of metformin in two types of sandy soils: a light 
soil (sand + organic matter) and an enriched soil (biosolid). 
All units are expressed in the International System (SI).

Using the numerical solution of the nonlinear physical 
non-equilibrium model proposed by Bouredji  et  al.  [37], 
the transport of metformin through porous media was 
simulated. The selection of metformin as a target com-
pound is supported by its documented mobility and sorp-
tion behavior in soils [38].

Fig. 15 Application of the Langmuir–Hinshelwood model

Table 4 Kinetic parameters for MET degradation at different initial 
concentrations

Constants Values

KL–H (Lmg−1) 0.178

Kr (mg L−1∙min−1) 0.093

R2 0.975
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3.5.2 Interpretation of breakthrough curves 
Fig. 16 presents the simulated breakthrough curves 
(BTCs) for metformin transport in light sand and biosol-
id-enriched soil using the nonlinear physical non-equilib-
rium (PNE) model. As shown in Fig. 16, the BTCs exhibit 
distinct transport behaviors depending on the porous 
medium, reflecting differences in sorption capacity and 
mass transfer characteristics.

Light sand
The breakthrough curve exhibits a relatively sharp rise 
followed by a rapid decline, indicating limited retention 
and moderate adsorption of metformin. This behavior is 
consistent with a lower Freundlich constant and an expo-
nent closer to unity, suggesting a more linear and less 
favorable sorption process. In addition, the relatively 
high mass transfer coefficient indicates faster exchange 
between mobile and immobile water regions, resulting in 
reduced tailing.

Biosolid-enriched soil 
In contrast, the BTC obtained for biosolid-enriched soil 
is more asymmetric and shows pronounced tailing, along 
with a delayed and lower peak concentration. This behav-
ior reflects stronger nonlinear sorption, a higher retention 
capacity (higher KF), and slower diffusion into the immo-
bile water fraction (Θim).

The lower mass transfer coefficient further contrib-
utes to the extended tailing and delayed release of met-
formin. These results indicate that biosolid-enriched soil 
acts as an effective barrier to metformin transport, signifi-
cantly retarding its migration and reducing the peak con-
centration reaching groundwater. This effect is primarily 
attributed to enhanced adsorption capacity and the more 
complex pore structure of the medium. It should be noted 
that the BTCs were obtained from numerical simulations 
and were not validated by experimental column studies. 
Therefore, the results should be interpreted as a theoretical 
assessment of metformin transport behavior.

3.5.3 Effect of initial concentration 
Figs. 17 and 18 illustrate the influence of the initial met-
formin concentration (5, 10, 15, and 20 mg L−1) on the 

Table 5 Soil physicochemical and metformin adsorption parameters for light sand and biosolid- enriched soil

Type of soil Θm
(m3 m−3)

Θim
(m3 m−3)

α
(s−1) 10−4

dp
(m) 10−4

KFm = KFim 
[(mol kg−1) (m3 mol−1)1/n] 10−3 n

Light sand (sand + organic matter) 0.42  0.10  10 2.5 2.6 0.8

Enriched soil (biosolid) 0.44 0.18 3.0 1.8 10.5 0.6
Note: dp represents the particle diameter.

Fig. 16 Simulated breakthrough curves of metformin transport in light 
sand and biosolid-enriched soil using the nonlinear physical non-

equilibrium (PNE) model

Fig. 17 Simulated breakthrough curves illustrating the effect of initial 
concentration on metformin transport through light sand

Fig. 18 Simulated breakthrough curves illustrating the effect of initial 
metformin concentration on transport in biosolid-enriched soil
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breakthrough curves in light sand and biosolid-en-
riched soil, respectively. As shown in Fig.  17, increas-
ing the initial concentration leads to a slight delay in 
the BTC peak and a more pronounced spreading of the 
curve. This behavior reflects the nonlinear nature of the 
Freundlich isotherm (n = 0.8 < 1). 

At higher concentrations, the available sorption sites 
become progressively saturated, resulting in a relatively 
lower fraction of metformin being adsorbed and, con-
sequently, faster relative transport through the porous 
medium. The increase in the mean breakthrough time (μ1) 
with increasing concentration further supports this inter-
pretation. These results confirm the concentration-de-
pendent transport behavior of metformin under nonlinear 
sorption conditions (Table 6).

It should be noted that transformation products such as 
guanylurea may exhibit stronger sorption, leading to lower 
mobility than metformin; however, this study is limited to 
the parent compound (metformin), and thus the transport 
behavior of treated effluents may differ.

As shown in Fig.  18, the effect of the initial concen-
tration is more pronounced in biosolid-enriched soil. 
The breakthrough curves exhibit a significant delay in 
arrival time and increased spreading as the concentration 
increases. This behavior reflects strong nonlinear sorp-
tion, characterized by a Freundlich exponent (n = 0.6 < 1). 
At low concentrations, the soil exhibits a high affinity for 
metformin, resulting in substantial retardation. As  the 
concentration increases, this affinity decreases relative to 
the dissolved amount, leading to a delayed but more con-
centrated breakthrough. The  decrease in relative vari-
ance  (σr²) with increasing concentration suggests a shift 
toward more equilibrium-like transport conditions at 
higher solute loadings (Table 7).

The transport of metformin is strongly dependent on 
the input concentration, with nonlinear sorption leading 

to earlier relative breakthrough at higher concentrations 
in both soils. This behavior has important implications for 
predicting the impact of pulse inputs or accidental releases 
into subsurface environments.

4 Conclusion 
This study demonstrated the effectiveness of ZnO/UV 
photocatalysis for the transformation of the pharmaceuti-
cal compound metformin and provided important insights 
into its transport behavior in soil environments. The pho-
tocatalytic process was significantly more efficient than 
adsorption alone, achieving a transformation efficiency of 
77% under optimal conditions (pH 9.7 and a ZnO dosage 
of  0.3  g  L−1). The reaction kinetics followed an apparent 
pseudo-first-order model and were well described by the 
Langmuir–Hinshelwood mechanism, confirming the sur-
face-controlled nature of the process. A key contribution 
of this work lies in coupling photocatalytic transformation 
with subsurface transport modeling, allowing a more com-
prehensive evaluation of metformin environmental fate. 
Transport modeling using a nonlinea physical non-equi-
librium model revealed that soil composition is a key fac-
tor controlling metformin mobility. Light sand exhibited 
limited retention and rapid breakthrough, whereas biosol-
id-enriched soil significantly retarded transport, resulting 
in a delayed and lower peak concentration due to its higher 
adsorption capacity and greater immobile water con-
tent (Θim). The nonlinear Freundlich isotherm successfully 
described the concentration-dependent sorption behavior, 
with higher initial concentrations leading to earlier rela-
tive breakthrough, particularly in biosolid-enriched soil. 
Overall, these results highlight that removal from the 
aqueous phase does not necessarily imply reduced envi-
ronmental risk, as transformation products and residual 
compounds may still migrate in subsurface environments. 
The  integration of advanced oxidation processes with 
transport modeling, as demonstrated in this study, provides 
a robust framework for assessing the environmental fate 
and potential risks of pharmaceutical contaminants.

Table 6 Transport parameters derived from breakthrough curves for 
metformin in light sand at different initial concentrations

C0
(mg L−1)

μ1
(min) σr²

* Pe**

5 6.74 2.28 0.008

10 7.51 1.98 0.008

15 8.02 1.83 0.008

20 8.41 1.72 0.008
* The relative variance (σr²) is a dimensionless parameter that quantifies 
the dispersion of data relative to the model prediction, reflecting the 
goodness of fit between experimental and calculated values.
** Pe represents the Péclet number, which describes the ratio of 
advective to diffusive transport.

Table 7 Transport parameters derived from breakthrough curves for 
metformin in biosolid-enriched soil at different initial concentrations

C0 (mg L−1) μ1 (min) σr² Pe

5 3.71 3.84 0.006

10 4.52 2.78 0.006

15 5.20 2.26 0.006

20 5.82 1.94 0.006
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