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A B S T R A C T   

The presence of arsenic (As) in drinking water is a major concern for human health. As(III) is the most toxic 
water-soluble form and it is hard to remove by separation methods, including adsorption, while As(V) is less toxic 
and easily removable by adsorption. In this work homogenous photo driven advanced oxidation processes (HP- 
AOPs), namely UVC/H2O2 and UVC/NaOCl, have been investigated in the oxidation of As(III) (initial concen-
tration of 0.1 mg/L) to As(V) and commercial available adsorbents (γ-Al2O3, Bayoxide E33, MgAl-LDHs and 
ZnAl-LDHs) were tested for subsequent As(V) removal. UVC/H2O2 (99% of As removal, 19 mg/L of H2O2, 2 min 
of treatment time) and UVC/NaOCl (99% of As removal, 5.1 mg/L of NaOCl, 2 min of treatment time) were 
found to be more effective than H2O2 (2% of As removal in the same condition of UVC/H2O2) and NaOCl (6% of 
As removal in the same condition of UVC/NaOCl), respectively and the optimum operation conditions were 
identified by response surface methodology (RSM) in distilled water and subsequently confirmed in real drinking 
water (with differences of less than 1%). UVC/NaOCl was the most suitable process being a good compromise 
among oxidation efficiency, oxidant dose and treatment time. The best results in terms of subsequent removal of 
As(V) by adsorption were obtained using ZnAl-LDH (88% in both distilled and drinking water). Accordingly, 
UVC/NaOCl advanced oxidation coupled to ZnAl-LDH adsorption is the best combination for an effective 
removal of arsenic from drinking water.   

1. Introduction 

Arsenic (As) is a common element that can be found in atmosphere, 
soil, rocks, water and living organisms. Its presence in nature is caused 
by atmospheric reactions, volcanic activity, as well as several anthro-
pogenic activities, such as mining and fuel combustion (Zhang et al., 
2022). The presence of As in water, when it is used as drinking water, for 
aquaculture or agricultural irrigation, is a major problem. It was esti-
mated that about 150 million people drink water that exceeds the 
maximum levels of contamination for As in drinking water (10 μg/L) 
(Liu and Qu, 2021). Consumption of water contaminated with As can 
cause serious problems for people’s health, such as various forms of 
cancer, diseases of the cardiovascular, nervous and endocrine systems 
and diabetes (Masindi and Gitari, 2016). Arsenic can accumulate in 
human body, penetrating through hair, nails and skin, making hair, 

urine and nails ideal biomarkers (Goswami et al., 2020). In natural 
waters, As is found in organic (monomethyl-As) and non-organic forms 
(arsenite As(III) and arsenate As(V)). Depending on the chemical nature 
of As, its characteristics change, such as adsorption properties, mobility 
and toxicity (Singh Patel et al., 2023). According to the literature, As(III) 
is the most toxic water-soluble substance, while As(V) is less toxic. High 
levels of As in groundwater have been found in many countries such as 
Chile, Argentina, Hungary and India (Alam et al., 2023; Bundschuh 
et al., 2021). Italy is another country with a high concentration of As in 
groundwater, especially in Lombardy, Vento, Emilia-Romagna, Tuscany 
and Lazio regions (Ghezzi et al., 2023; Sorlini and Collivignarelli, 2011). 
In 1933, the World Health Organization (WHO) reduced the recom-
mended value of As in drinking water from 50 μg/L to 10 μg/L due to 
increasing evidence of its toxic effects on humans (World Health 
Organizaion, 2022). In Italy, the recommended concentration of As in 
water is also 10 μg/L, this limit was adopted by Legislative Decree 
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18/2023, following the adoption of European Directive EU 2020/2184 
(European Parliament and Council, 2020). 

Methods for removing As from water can be divided into four main 
groups: ion exchange, membrane-based filtration, precipitation, and 
adsorption. Typically, adsorption process is more effective in the 
removal of As(V), therefore a pre-oxidation of As(III) to As(V) will 
improve subsequent adsorption process efficiency (Hao et al., 2018; 
Jadhav et al., 2018). Among the most investigated adsorbents, Fe–Mn 
composite oxides (Liu et al., 2022), γ-Al2O3 (Iervolino et al., 2016), 
iron-based adsorbents (Hao et al., 2018) for As removal, layered-double 
hydroxides (LDHs) have gained an increasing interest (Lee et al., 2018). 
LDH is a class of multi-metal lamellar materials represented by the 
formula [MII

1-xMIII
x (OH)2]x+(Ay− )x/y•zH2O, with divalent (MII) and 

trivalent (MIII) metallic cations, and charge compensating anions (Ay− ) 
that can be readily replaced in the interlayer regions (Fierro et al., 
2023). Based on the ion exchange of the interlayer anions this class of 
materials can effectively acts as valuable candidate for As(V) removal. 
Previous works on As(V) removal from aqueous matrices have investi-
gated initial As(V) concentration in the range 1–100 mg/L (Gupta et al., 
2021). However, it is worth noting that As(V) occurs at significantly 
lower concentrations (about 100 μg/L) in groundwater in different 
geographical areas (Shaji et al., 2021; Sorlini and Collivignarelli, 2011). 

Oxidation of As(III) to As(V) by different oxidants, such as ozone, 
chlorine, potassium permanganate, hydrogen peroxide, etc. was inves-
tigated (Amiri et al., 2022; Dodd et al., 2006; Lee et al., 2011). However, 
conventional oxidation processes are not so effective or result in the 
formation of toxic and regulated oxidation by products, such as tri-
halomethanes (chlorination by-products), chlorite and chlorate (chlo-
rine dioxide by-products) and bromate (ozonation by-products) 
(Srivastav et al., 2020) Therefore, alternative processes such as 
advanced oxidation processes (AOPs) have been investigated as possible 
alternative option (Abenza et al., 2023; Faggiano et al., 2023; Zaw and 
Emett, 2002). In particular, heterogeneous photo driven AOPs have 
been successfully investigated in the oxidation of As(III) to As(V) 
(Chianese et al., 2023; Liu et al., 2022; Vaiano et al., 2014, 2018), but 
they still suffer of scale-up limitations which make them not yet 
competitive with consolidated technologies (Fiorentino et al., 2017; 
Iervolino et al., 2019). On the opposite, homogenous photo driven AOPs 
(HP-AOPs), such as UVC/H2O2 and UVC/NaOCl, have been successfully 
investigated in different applications to water and wastewater treatment 
and are either already applied at full scale in wastewater treatment for 
potable reuse (UVC/H2O2) or easy to scale-up (Rizzo, 2022). 

In this work HP-AOPs, namely UVC/H2O2 and UVC/NaOCl, were 
investigated in the oxidation of As(III) to As(V) and subsequently 
coupled to adsorption process for the removal of As(V) for drinking 
water, for the first time. Tests with NaOCl and H2O2 were also carried 
out and the operating conditions of the HP-AOPs were optimized 
through the support of a two-level factorial design coupled with 
response surface methodology (SM), first in distilled water and subse-
quently confirmed in real drinking water. The operating conditions were 
optimized in terms of oxidant concentration, treatment time, oxidant 
type, with and without UVC light (target responses). Finally, commercial 
and easy-to-handle adsorbents, namely γ-Al2O3, Bayoxide E33, MgAl- 
LDHs and ZnAl-LDHs, were tested for As (V) removal in both distilled 
and real drinking water after the oxidation step. 

2. Materials and methods 

2.1. Reagents 

Sodium (meta) arsenite (NaAsO2), hydrogen peroxide (H2O2), so-
dium hypochloride (NaClO) with 10% of active Cl₂, ascorbic acid 
(C6H8O6), potassium iodide (KI), hydrochloric acid (HCl), nitric acid 
(HNO3), sodium hydroxide (NaOH), sodium thiosulfate (Na2S2O3), ti-
tanium(IV) oxysulfate (TiOSO4) and sodium borohydride (NaBH4) were 
purchased from Sigma-Aldrich and used as bought without modifica-
tion. γ-Al2O3 (Puralox SCCa-5/200) was provided by Sasol. Bayoxide 
E33, granular form, was purchased by Lanxess (Koeln, Germany). MgAl 
and ZnAl layered double hydroxides with chloride and nitrate ions as 
interlayer anions and MgAl mixed oxides were purchased by Prolabin 
and Tefarm S.r.l. (Perugia, Italy). 

2.2. Synthetic aqueous solutions and real drinking water 

Water treatment tests were carried out first in distilled water and 
subsequently in real drinking water purposely spiked with NaAsO2 (0.1 
mg/L of As(III)). Drinking water samples were collected from a tap of 
Fisciano campus of the University of Salerno (Table 1). 

2.3. Experimental set-up 

Oxidation experiments with H2O2 and NaOCl were carried out with 
the aim of UVC radiation and in dark conditions (to evaluate the effect of 
the radiation on the oxidation process). Oxidation time in the range 
15–120 min and oxidant concentration in the range 1–15 mg/L were 
chosen as input data for the software. In UVC driven advanced oxidation 
experiments, UVC radiation was provided by a 16 W lamp with an 
emission peak at 254 nm (Sankyo Denky GT10T5L) positioned vertically 
in a 1 L (5 cm diameter) cylinder filled with 500 mL of aqueous sample. 
The oxidant was added to the sample and then the UVC lamp was 
switched on (time zero). The light intensity of the lamp (4.7 mW s/cm2) 
was measured by a HR2000 (Ocean Optics, Florida, USA) radiometer. 
Experiments in dark conditions with H2O2 and NaOCl were also carried 
out using treatment time till to 120 min and oxidant concentration in the 
range 1–15 mg/L as input data for the software. The dark oxidation 
experiments were carried out in the same reactor, completely covered by 
aluminium paper, under continuous stirring, with UVC lamp switched 
off. The temperature was kept constant at 25 ± 1 ◦C with a thermostatic 
probe. 

2.4. Analytical measurements 

Temperature, pH and electrical conductivity were measured by pH- 
EC-TDS Temperature Portable Meter Hanna 9812–5. H2O2 concentra-
tion in water was determined spectrophometrically through a TiOSO4 
based method, as described in a previous work (Fiorentino et al., 2015). 
Residual free chlorine concentration was measured by Hach Pocket 

List of abbreviation 

AOPs Advanced oxidation processes 
As Arsenic 
RSM response surface methodology 
WHO World Health Organization 
LDH layered double hydroxides  

Table 1 
Characteristics of real drinking water.  

Parameter Concentrationa 

pH 6,9 
Free carbon dioxide at the source 15 
Ca2+ 86,2 
Mg2+ 12 
Na+ 3,4 
Cl− 5,3 
K+ 1 
NO3

− 3,1 
F− 0,1  

a All the concentration are expressed in mg/L except for pH, which is 
unitless. 
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Colorimeter™, through DPD method. Total As concentration was 
measured by ICP-OES through pre-reduction of As(V) to As(III) with 1.0 
% KI (in 0.2 % ascorbic acid) and 3.0 mol/L HCl (Welna et al., 2019). An 
aliquot of 7.5 mL of each sample solution was transferred to a 15 mL 
volumetric flask; then 1.5 mL of 10 % KI in 2.0 % ascorbic acid and 3.75 
mL of concentrated HCl were added and left to react for about 30 min. 
Simultaneously, 20 mL of the treated sample were passed through 
LC-SAX cartridge (Supelclean™ LC-SAX SPE Tube from Supelco) to 
retain As(V), and As(III) concentration was measured by ICP-OES. This 
procedure allowed to calculate As(V) concentration as difference be-
tween total As and As(III). 

2.5. Experimental design 

In this study, RSM was used for the experimental design of the 
oxidation processes. The dosage of H2O2 and NaOCl (X1) and treatment 
time (X2) were selected as numerical factors, while presence/absence of 
radiation (X3) and the type of oxidant (X4) were selected as categorical 
factors. The experimental design involved 31 runs, based on a two-level 
central composite factorial design. The levels (i.e., the values chosen to 
vary the independent variables to study how they influence the output 
response and obtain valuable information for process optimization) for 
each variable are provided in Table 2. 

The response was estimated through a second-order polynomial 
equation according to Eq. (1): 

Y = b0 +
∑n

i=1
biXi+

∑n

i=1
biiXi

2 +
∑n

i=1
bijXiXj + ε (1)  

where Y is the response of As(III) oxidation, b0 is a constant, bi corre-
spond to the linear coefficient of Xi, bii is the second order effect on 
regression coefficients, bij is the interaction coefficient and ε is the sta-
tistical error. 

After the calculation of the optimal process for As(III) oxidation, 
three replicates of this process were made and the kinetics were 
calculated. 

For the optimization of the process, the following conditions were 
used:  

- Oxidant dose in the range 1–30 mg/L;  
- Minimization of treatment time;  
- Radiation: UVC or dark.  
- Oxidant type: H2O2 or NaOCl. 

The following goals were selected for the responses:  

- As(III) oxidation >95.0% to reach a final concentration below World 
Health Organization limit (World Health Organizaion, 2022) for 
drinking water (0.01 mg/L). 

2.6. Adsorption experiments 

Adsorption experiments for the removal of As(V), produced during 
the photocatalytic reaction, were carried out in a 250 mL beaker in the 
absence of UV radiation using 50 and 100 mL of solution containing a 
known concentration of As(V) (100 μg/L) and stirred for 1 and 5 min 
with 0.02 g of the adsorbing material. Then the adsorbent was filtered- 
off and the As(V) concentration in solution was determined by ICP-OES 
as described in Section 2.4. The best two adsorbents were finally 
compared for tests in real drinking water. In detail, 100 mL of drinking 
water containing As(V) (100 μg/L) was stirred for 1, 5, 15 and 30 min in 
the presence of 0.02 g of adsorbing material in a 250 mL beaker. All the 
experiments were carried out at room temperature. Results are 
expressed as percentage As(V) removal. 

3. Results and discussion 

3.1. Experimental and statistical model 

Based on the results from the quadratic model, the empirical rela-
tionship between the response and the independent variables is: 

As(III)oxidation[%]= 76.17 + 1.5X1+2.4X2 − 21.3X3+20.3X4 − 1.9X1X2
+1.2X1X3+3.7X1X4 − 0.3X2X3 − 4.2X2X4++ 20.7X3X4 − 6.6X1

2+1.5X2
2

(2) 

F-value of the model was 40.72 (p-value <0.05 and R2 = 0.99354), 
indicating that the model is statistically significant. This means that the 
results obtained from the model are highly likely to be true, and the 
variables in the model have a significant relationship. P-values lower 
than 0.05 indicate that the model terms are significant as well. In this 
case X2, X3, X4, X1X4, X2X4, X3X4, X1

2 are significant parameters, a good 
correlation between the empirical model and the actual values being 
achieved. 

3.2. NaOCl and UVC/NaOCl tests 

The oxidation processes using NaOCl and UVC/NaOCl for As(III) 
oxidation were investigated. Specifically, the NaOCl process was 
compared with the UVC/NaOCl process to explore the possible advan-
tages that the combination of chlorine with UVC radiation can offer. By 
using UVC radiation, the need for higher chlorine dosages can be 
reduced, potentially lowering the formation of harmful disinfection by- 
products. The optimal NaOCl concentrations for both processes were 
determined by RSM (Fig. 1). 

The perturbation plot illustrates the impact of NaOCl initial con-
centration (Line A) and treatment time (Line B) on the model’s response 
for NaOCl (Fig. 1a) and UVC/NaOCl (Fig. 1c) treatments. This plot al-
lows to assess the model’s sensitivity to changes in the input variables, 
with steeper slopes indicating higher sensitivity and flatter slopes indi-
cating lower sensitivity. By analyzing this plot, it is possible to gain 
valuable insights into how variations in the input factors affect the 
model’s output. 

The 3D surface plots (Fig. 1b and d, for NaOCl and UVC/NaOCl, 
respectively)show the relationship between the same input variables 
from the perturbation plot and the response variable. In this represen-
tation, the two input variables are mapped on the X and Y axes, while the 
response variable is displayed on the Z-axis. By examining the response 
surface plots, it is possible to understand better the complex interactions 
between the input variables and their impact on the response. This plot 
is useful to identify regions of optimal response and provides a deeper 
understanding of the overall behaviour of the model in a three- 
dimensional space. 

The perturbation plots show the response changes as each factor 
moves from the chosen reference point. The values − 1, − 0.5, 0, +0.5 
and + 1 on the x-axis represent the lower, the lower intermediate, the 
middle, the upper intermediate and the upper levels of the factors 

Table 2 
Ranges and levels of designed factors.  

Variable Code Levels 

L1 L2 L3 L4 L5 

Oxidant concentration (mg/L) X1 1 5 10 15 30 
Treatment time (min.) X2 5 10 15 60 120 
Radiation X4 UVC Dark – – – 
Oxidant type X3 H2O2 NaOCl – – – 

RSM design for the three experimental variables in coded units and the corre-
sponding natural values are listed in Tables SM1 and SM2 of the supplementary 
material file. The response taken in consideration for RSM analysis was the As 
(III) percentage removal. 
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investigated by the experimental design (this applies to all subsequent 
graphs), respectively. In all perturbation plots of this work the reference 
point was set at the midpoint (coded in the experimental design as 0). In 
the discussion of each perturbation plot, the positive effect means that 
the response increases with the enhancement of the factor level and the 
negative effect means that response decreases due to the increase of the 
factor level. 

In the case of NaOCl processes (Fig. 1a and c), As(III) oxidation ef-
ficiency increased as the oxidant dose was increased. In dark condition, 
the oxidation efficiency increased from 78% with a minimum NaOCl 
concentration of 1 mg/L to 97% with a maximum NaOCl concentration 
of 30 mg/L. Likewise, the treatment time to reach the maximum 
oxidation efficiency decreased from 120 min with 1 mg/L of NaOCl to 
15 min with 30 mg/L of NaOCl. As it can be seen from the perturbation 
plot, in the case of NaOCl the oxidant concentration has a positive effect 
on oxidation efficiency until the middle point, after which a plateau can 
be observed. The time, similarly to the oxidant effect, shows an almost 
constant trend. In UVC/NaOCl process (Fig. 1 c, d) oxidant concentra-
tion and treatment time show a trend similar to NaOCl process alone but, 
after the middle-point, the negative effect of oxidant concentration is 
higher. Coupling UVC radiation to chlorine increased oxidation effi-
ciency compared to NaOCl alone (about 99% with NaOCl concentrations 
over 5 mg/L). In particular, an oxidation of 99% was reached with 5, 10 
and 30 mg/L after 15, 13 and 10 min, respectively. 

In a recent work the oxidation of As(III) was investigated by H2O2, 
O3, and NaOCl (Amiri et al., 2022) using RSM. NaOCl was found to be 
the best oxidant reaching an oxidation efficiency of 99.5% of As(III) 
(initial concentration of 5 mg/L and final concentration of 0.025 mg/L) 
with about 9 mg/L of active Cl₂ in 4 min treatment. The results are also 
in agreement with another previous work, where oxidation of As (III) 
using various oxidants (namely, NaClO, KMnO4, ClO2, NH2Cl) was 
investigated (Sorlini and Gialdini, 2010). In particular, the authors 
observed an As(III) oxidation efficiency of about 80% with NaOCl in 
dark condition, after 5 min of treatment dosing the oxidant at a higher 
initial concentration than the stoichiometric dose. The mechanism of As 
oxidation by NaOCl in dark conditions can be explained through the 
following equation (Sorlini and Gialdini, 2010):  

H3AsO3 + Na+ + ClO− → H2AsO4
− + Na+ + Cl− + H+ (3) 

UVC/NaOCl process leads to the formation of highly reactive chlo-
rine, hypochlorite and hydroxyl radicals according to the following 
equations (Eqs. (4)–(10)) (Lescano et al., 2012; Rizzo, 2022):  

HOCl + hν → HO• + Cl• (4)  

OCl− + hν → O•− + Cl• (5)  

O•− + H+ → HO• (6)  

HOCl + HO• → + ClO• + H2O                                                        (7) 

Fig. 1. Perturbation plots (a,c) and response surface plot (b,d) by NaOCl (a, b) and UVC/NaOCl (c,d) for As(III) oxidation. In the perturbation plot the line A and B 
correspond to NaOCl concentration and treatment time respectively. 
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OCl− + HO• → + ClO• + OH− (8)  

HOCl + Cl• → ClO• + H+ + Cl− (9)  

OCl− + Cl• → ClO• + Cl− (10) 

While the oxidation mechanism of As(III) by chlorine radicals re-
mains a topic that lacks comprehensive understanding, such radicals are 
expected to make the oxidation reaction of As(III) to As(V) faster and 
different studies in the literature have consistently reported its occur-
rence (Amiri et al., 2022; Sorlini and Gialdini, 2010). This intriguing 
phenomenon underscores the importance of directing research efforts 
towards gaining deeper insights into this aspect. As such, further in-
vestigations are warranted to elucidate the intricacies of this chemical 
reaction, potentially shedding light on its implications in various envi-
ronmental and health contexts. 

3.3. H2O2 and UVC/H2O2 tests 

To compare the potential increase in oxidation rate using UVC ra-
diation, and to compare these two processes with those using NaOCl, 
oxidation of As(III) by UVC/H2O2 and H2O2 alone processes were 
investigated. The optimal H2O2 concentrations for both processes were 
determined by RSM (Fig. 2). 

Even in this case, the photo-assisted oxidation was more effective 
than oxidation process alone. In the case of the dark process, H2O2 re-
sidual concentrations higher than 0.2 mg/L were detected for each test. 

UVC/H2O2 process, instead, allowed to reach high oxidation efficiencies 
(>98%) and very fast oxidant consumption resulted in a low residual 
(<0.2 mg/L) within a few minutes of treatment (about 2 min). H2O2 
process (Fig. 2 a, b), showed a very poor As(III) oxidation efficiency even 
compared to NaOCl and UVC/NaOCl. In fact, the oxidation efficiency 
varied from a minimum of less than 1% (1 mg/L of H2O2 after 10 min 
treatment) to a maximum of 28% (15 mg/L H2O2 after 120 min treat-
ment). The concentration of H2O2 resulted in a positive effect on 
oxidation efficiency up to the midpoint and subsequently a negative 
trend can be observed. In contrast to the NaOCl process, the treatment 
time shows a strongly positive effect and thus in this case oxidation ef-
ficiencies increase as treatment time increases. Instead, when the UVC 
radiation was coupled to H2O2 process, efficiency drastically increased, 
with a minimum of 88% oxidation with 30 mg/L of H2O2 after 10 min of 
treatment up to a maximum of 98% with 15 mg/L of H2O2 after 15 min. 
As in the case of the H2O2 process, the treatment time has a positive 
effect on removal efficiencies, while the concentration of the oxidising 
agent has a first slightly positive effect followed by a strongly negative 
effect after the midpoint. In fact, the highest efficiencies are obtained at 
highest treatment times (Fig. 2d), unlike of the UVC/NaOCl process in 
which very high efficiencies are achieved for all the experimental con-
ditions (Fig. 1d). 

The oxidation of As(III) through H2O2 can be described through the 
following reaction (Eq. (11)) (Amiri et al., 2022):  

H3AsO3 + H2O2 → H2AsO4
− + H2O + H+ (11) 

Fig. 2. Perturbation plots (a,c) and response surface plot (b,d) by H2O2 (a,b) and UVC/H2O2 (c,d) for As(III) oxidation. In the perturbation plot the line A and B 
correspond to H2O2 initial concentration and treatment time, respectively. 
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Previously, Sorlini et al. investigated the oxidation of As(III) (initial 
concentration of 0.1 mg/L) with 5 mg/L of H2O2 (Sorlini et al., 2010). In 
their work only the 5.8 % was reached for As(III) oxidation to As(V). The 
lower oxidation efficiency of As(III) obtained in their work is most likely 
due to the low dose of H2O2 used (5 mg/L) since, in the present work, 
RSM allowed to identify 30 mg/L as the optimal dose of H2O2 for the 
oxidation of As(III) (at the same initial concentration of As(III)). In fact, 
at low H2O2 concentration, the oxidation efficiency was comparable. In 
particular, at the H2O2 concentration of 5 mg/L tested in this work, the 
maximum oxidation efficiency was 21 %. 

According to Lescano et al. (2012), the mechanisms for As oxidation 
by the UVC/H2O2 process are (Eq. (12) – Eq. (20)):  

H2O2 + hv → 2 HO• (12)  

H2O2 + HO• → HOO• + H2O                                                        (13)  

HOO• + HO• → O2 + H2O                                                            (14)  

2 HO• → H2O2                                                                             (15)  

H3AsO3 + HO• → HAsO3
•− + H+ + H2O                                         (16)  

H3AsO3 + HOO• → HAsO3
•− + HOO− + 2H+ (17)  

HAsO3
•− + O2 + H2O → H2AsO4

− + HOO• (18)  

H3AsO3 + H2O2 → H2AsO4
− + H+ + H2O                                       (19)  

H3AsO3 + O2 + H2O → H2AsO4
− + H+ + H2O2                               (20) 

Lescano et al. (2012) also investigated the oxidation of As(III) (0.2 
mg/L) by UVC/H2O2 process and they found that 15 mg/L of H2O2 was 
the best concentration for the oxidation process, obtaining about 99 % of 
As(III) oxidation in 10 min of treatment time, in agreement with our 
results. 

As in the case of processes with NaOCl, an increase in oxidation ef-
ficiencies and a decrease in treatment time was observed with the 
addition of UVC radiation to H2O2. As in the previous case, this can be 
attributed to the formation of hydroxyl and hydroperoxyl radicals that 
allow the reaction rate to increase. 

3.4. Kinetics of As(III) oxidation in real drinking water 

According to RSM analysis, the optimum conditions to oxidise As(III) 
to As(V) in this work are summarized in Table 3. 

The results show that a double dose of chlorine and a treatment time 
of 10 min are needed to obtain the same oxidation efficiency of As(III) 
compared to the photo-activated process (2 min). Therefore, the use of 
chlorine alone involves a higher risk of formation of chlorination by- 
products (in particular of trihalomethanes (THMs)) and a larger vol-
ume (for the higher hydraulic time retention) of the reactor. In fact, it is 
well known that the formation of THMs increases as chlorine dose and 
the contact time increase, and it is affected by the characteristics of the 
water in terms of total organic carbon (TOC), oxidant demand and 
bromine ion concentration (Sikder et al., 2023). 

The kinetics for each optimized condition (Fig. 3a for UVC/NaOCl 
and NaOCl and Fig. 3b for UVC/H2O2 and H2O2) were performed to 

validate the RSM results as well as to evaluate the feasibility of the 
processes also with respect to the compliance of the residual oxidant 
concentration with standards for drinking water. For each process, ki-
netic order and constant were evaluated (Table 4). 

NaOCl showed significantly higher oxidative capacity than the pro-
cess with H2O2 with As(III) oxidation of about 99.6% in 10 min (final 
concentration of 0.3 μg/L) (Fig. 3a). When NaOCl process was assisted 
by UVC radiation, the efficiency was comparable (99.8% with a final As 
concentration of 0.2 μg/L) to chlorine, but the treatment time was 
drastically reduced from 10 to 2 min. Both processes followed a zero- 
order kinetic, and the rate constant (k value) increased fivefold, from 
9.7 to 49.9 M s− 1 for NaOCl and UVC/NaOCl, respectively. This 
remarkable increase in the rate constant is attributed to the formation of 
radical species (Eqs. (4)–(10)) following the coupling UVC to NaOCl. 
The ability of UVC to accelerate the decomposition process allows for a 
higher reaction rate, even when the reaction follows zero-order kinetics, Table 3 

Optimal conditions for each process.  

Process Optimal oxidant 
concentration (mg/L) 

As(III) oxidation 
efficiency (%) 

Treatment 
Time 
(min.) 

NaOCl 10.1 99.65 10 
UVC/ 

NaOCl 
5.1 99.81 2 

H2O2 30.0 65.16 60 
UVC/ 

H2O2 

19.0 99.12 2  

Fig. 3. UVC/NaOCl, NaOCl kinetics, chlorine consumption (a) and UVC/H2O2, 
H2O2 kinetics, H2O2 consumption (b) with the optimized conditions for every 
oxidant agent in real water spiked with As(III) (0.1 mg/L). 

Table 4 
Kinetic order and constants for each optimized process.  

Process Kinetic order R2 k 

NaOCl Zero 0.96 9.7 M s− 1 

UVC/NaOCl Zero 0.99 49.9 M s− 1 

H2O2 Second 0.96 0.0004 M− 1 s− 1 

UVC/H2O2 Zero 0.96 49.8 M s− 1  
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emphasizing the crucial role of UVC as a potent powerful activating 
agent in this chemical system. Noteworthy, the oxidant concentration 
required to achieve the highest possible oxidation efficiency (according 
to RSM) decreases of about one half when the process was assisted by 
UVC radiation. When the H2O2 process was supported by UVC radiation, 
the oxidation of As(III) increased dramatically from 65.2% (final con-
centration of 34.84 μg/L) after 1 h to 99.1% after 2 min (final concen-
tration of 0.9 μg/L). This behaviour is also supported by the fast oxidant 
consumption in the first few seconds until complete oxidation in 2 min 
(Fig. 3b). H2O2 and UVC/H2O2 processes followed a second-order ki-
netics in the dark and zero-order kinetics with the addition of UVC, with 
k values shifting from 4 × 10− 4 M− 1 s− 1 for the H2O2 process to 49.8 M 
s− 1 for the UVC/H2O2 process (Table 4). The transition from second- 
order kinetics in the dark to zero-order kinetics with the addition of 
UVC can be attributed to the role of UVC in accelerating the decompo-
sition of H2O2. When the oxidation process occurs in the dark, it relies on 
the concentration of H2O2 as a limiting factor for the rate of the reaction. 
However, even in this case, coupling the UVC radiation to the oxidant, 
an efficient decomposition of H2O2 was promoted, making the reaction 
rate largely independent of the initial H2O2 concentration. This dem-
onstrates the significant impact of UVC in altering the reaction pathway 
and kinetic behaviour, highlighting the shift from second-order to zero- 
order kinetics. While the oxidation of As(III) to As(V) with conventional 
oxidants has been quite exhaustively investigated in the past, that with 
HP-AOPs has received less attention, except for the UVC/H2O2 process. 
In a recent work, the only one to author knowledge where the RSM was 
applied to optimize the oxidant concentration for As(III) oxidation 
(Amiri et al., 2022), NaOCl was found to be the best oxidant compared to 
H2O2, and a concentration of about 9 mg/L lead to a 99.5% oxidation 
efficiency of As(III) in real water in 4 min (initial concentration of 200 
μg/L), in agreement with our work. In particular, in their work with a 
double As(III) concentration, a double dose of NaOCl and a double 
treatment time were required to reach a similar As(III) oxidation effi-
ciency. Taking into account the residual oxidant/disinfectant in drink-
ing water is typically regulated, it is noteworthy that for the processes 
with NaOCl, UVC/NaOCl and UVC/H2O2, the final concentration of the 
oxidant is roughly 0.1 mg/L. This value guarantees a residual oxidant in 
the drinking water network and it is consistent with the recommended 
value of 0.2 mg/L set in the Legislative Decree 18/2023, following the 
adoption of European Directive EU 2020/2184 (European Parliament 
and Council, 2020). Whereas, in the process with H2O2 only, the oxidant 
residual concentration is roughly 4 mg/L, which is not consistent with 
the Italian regulation. 

3.5. Adsorption of As(V) 

Table 5 shows the comparison among the different adsorbing ma-
terials in the removal of As(V) from aqueous solution (initial As(V) 
concentration of 100 μg/L). Experiments were carried out using 50 and 
100 mL of aqueous solution and 0.02 g of adsorbent. The amount of 

adsorbent (0.02 g) represents the lower quantity able to quantitatively 
remove As(V) under the investigated reaction conditions. Moreover, it 
allows to highlight differences, in terms of As(V) removal, between the 
investigated adsorbents. MgAl–Cl and ZnAl–NO3 layered double hy-
droxides were found to be the most effectives in the removal of As(V) 
(92–98% after 1 min treatment). These adsorbents were tested in 
additional experiments for the treatment of 200 mL of As(V) contami-
nated aqueous solution. ZnAl–NO3 layered double hydroxide showed 
outstanding results for As(V) removal in 200 mL of contaminated 
aqueous solution (93% after 1 min treatment). MgAl– NO3 and ZnAl–Cl 
showed excellent results (96 and 92%, respectively, 1 min treatment) 
but As(V) removal efficiencies decreased when 100 mL of solution was 
used (68 and 56, respectively, 1 min treatment). Bayoxide E33 and 
γ-Al2O3 resulted in a lower adsorbent capacity (9% and 39%, 1 min 
treatment) under the investigated conditions, which can be attributed to 
the low contact time in the case of Bayoxide E33 in comparison with that 
generally requested for iron-based adsorbents (Gupta et al., 2021; Tang 
et al., 2011). γ-Al2O3 showed moderate adsorption ability toward As(V) 
and the obtained removals are lower than those reported in literature 
(90% after 10 min treatment, 0.2 g of γ-Al2O3, V = 100 mL) from 
drinking water (initial concentration of As(V) = 5 mg/L) (Iervolino 
et al., 2016). Mixed MgAl-oxide showed moderate capability as As(V) 
adsorbent and this result clearly highlight the crucial role of the layered 
double hydroxide structure to remove by anion exchange the arsenate 
from the water matrix. As a matter of fact, the higher adsorbent capa-
bility of the investigated LDHs was due to the properties/structures of 
these materials. LDHs exhibit, unlike of Bayoxide E33, γ-Al2O3 and 
mixed oxides, a peculiar structure, positively charged, balanced by 
interlayer anions (nitrate and chloride in this work), able to remove 
arsenate anions from water by anion exchange mechanism (Fierro et al., 
2023). Arsenate was removed by their inclusion within the LDHs 
structure. The obtained results broaden the applicability of LHDs for real 
water treatments characterized by As(V) concentrations lower than 100 
μg/L. Previous studies also reported interesting results in terms of As(V) 
removal in the presence of 50 mg/L As(V) solution using 0.2 g of 
calcined MgAl-LDH as adsorbent in 60–120 min treatment (Fierro et al., 
2023; Lee et al., 2018). 

Finally, tests were performed on drinking water ([As(V)] = 100 μg/ 
L) to study the effect of interfering ions on MgAl–Cl and ZnAl–NO3 
layered double hydroxides adsorption efficiencies. Anions present in the 
water sample (sulphate, phosphate, nitrate, chloride, fluoride, etc.) can 
compete with the arsenate anion for the interlayer space of the inves-
tigated LDHs. As shown in Table 6, ZnAl–NO3 showed the best results 
with high removal of As(V) (88%, 1 min) resulting in a final residual 
concentration of As(V) of 12 μg/L. Instead, adsorption capacity of 
MgAl–Cl reaches 57% after 5 min. Generally, the efficiencies observed in 
deionized water solutions change drastically when the same process is 
investigated in real water. These results clearly highlighted the limited 
effect of the interfering anions on ZnAl–NO3 performances in contami-
nated drinking water for As(V) removal. 

4. Conclusion 

The HP-AOPs were found to be more effective in the oxidation of As 
(III) to As(V) than the respective NaOCl and H2O2 oxidation processes in 
dark. The operating conditions were optimized by RSM tool, identifying 
5.1 mg NaOCl/L and 19.0 mg H2O2/L as optimum oxidant doses for 

Table 5 
Comparison among different adsorbing materials for As(V) (initial concentration 
100 μg/L) removal in distilled water.  

Adsorbent As(V) removal (%) 

V = 50 mL V = 100 mL V = 200 mL 

t = 1 
min 

t =
5min 

t = 1 
min 

t =
5min 

t =
1min 

t =
5min 

MgAl–Cl 95 ± 2 95 ± 2 86 ± 1 92 ± 2 88 ± 1 78 ± 1 
MgAl–NO3 96 ± 2 96 ± 2 68 ± 1 83 ± 1 – – 
ZnAl–Cl 92 ± 2 96 ± 2 56 ± 1 99 ± 2 – – 
ZnAl– NO3 96 ± 2 95 ± 2 98 ± 2 96 ± 2 93 ± 2 95 ± 2 
γ-Al2O3 39 ± 1 59 ± 1 11 ± 1 57 ± 1 – – 
MgAl-mixed 

oxides 
72 ± 1 45 ± 1 39 ± 1 49 ± 1 – – 

Bayoxide E33 9 ± 1 21 ± 2 0 0 – –  

Table 6 
Comparison among MgAl–Cl and ZnAl– NO3 for As(V) (initial concentration 100 
μg/L) removal in drinking water (V = 100 mL).  

Adsorbent As(V) removal (%) 

1 min 5 min 15 min 30 min 

MgAl–Cl 52 ± 1 57 ± 2 44 ± 2 47 ± 2 
ZnAl– NO3 87 ± 2 87 ± 2 88 ± 2 87 ± 2  
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UVC/NaOCl and UVC/H2O2 processes, respectively, to be used in the 
subsequent kinetic tests. 

The kinetic tests in real drinking water suggest that UVC/NaOCl is 
the most suitable process for the oxidation of As(III) to As(V). As matter 
of fact, while oxidation rate is comparable among UVC/NaOCl (99.8%), 
NaOCl (99.6%) and UVC/H2O2 (99.1%), a significantly shorter contact 
time (2 min) is necessary compared to NaOCl (10 min) and a lower 
oxidant dose (5.1 mg/L) compared to UVC/H2O2 (19.0 mg/L). Finally, 
As(V) produced by the photooxidation reaction of As(III) promoted by 
UVC/NaOCl can be effectively removed from drinking water through 
adsorption treatment with ZnAl–NO3 (88% removal after 1 min 
treatment). 
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