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A B S T R A C T   

Advanced oxidative processes (AOP) could mitigate emerging and persistent pollutants in drinking water. Yet 
there is a dearth of economical materials to generate the reactive oxygen species (ROS) that are responsible for 
pollutant degradation in AOPs. In this work, we design a zinc hydroxychloride monohydrate (ZHCM) silicon 
dioxide photocatalytic nanocomposite to generate ROS for non-selective degradation of drinking water con
taminants. ZHCM is an intermediate phase in the sol–gel synthesis of ZnO-SiO2-Ag nanocomposites containing 
63–100 % ZnO. Typically, ZHCM is calcinated around 500 ◦C to crystallize into ZnO, yet we find that this 
calcination step may decrease photocatalytic activity. ZHCM exhibited higher methylene blue degradation ef
ficiency through both catalysis (31 % after 4 h) and photocatalysis (98 % after 4 h) compared to the ZnO 
composites (~0% and 78 % after 4 h). ZHCM had the highest photodegradation efficiency for ciprofloxacin and 
caffeine. The increased catalytic and photocatalytic activity of these model pollutants is attributed to the gen
eration of two ROS: superoxide anions in UV light and peroxide anions in the absence of light. These ROS were 
identified using a new modified biological assay measuring the chemiluminescence of luminol in the presence of 
horseradish peroxidase. Results are further verified via scavenger quenching tests. The ZHCM and ZnO-SiO2-Ag 
are characterized for their antimicrobial activity measured by E. coli growth inhibition zones, band gaps, crys
talline domains, and surface areas. This work demonstrates the potential to synthesize, at lower temperatures, a 
photocatalyst with enhanced ROS generation and reduced UV dependency.   

1. Introduction 

Emerging and persistent pollutants are detected in municipal water 
systems and natural waters alike [1]. Pharmaceuticals, such as antibi
otics, are of particular concern due to their ecological, environmental, 
and human health hazards [2–7]. Dusi et al. identified over 600 active 
pharmaceutical compounds in natural waters [8]. Yet such emerging 
contaminants and persistent organic pollutants are not directly 
addressed in current drinking water treatment infrastructure; coagula
tion, flocculation, sedimentation, biological treatment, and ion ex
change are ineffective for removal of many of these contaminants [3]. 

Advanced oxidative processes (AOPs) are a promising technology for 

non-targeted contaminant degradation in polluted waters. AOPs like 
photocatalysis generate reactive oxygen species (ROS, such as •OH 
radicals, peroxides, and superoxides) in situ to eliminate organic con
taminants without chemical additives (e.g. chlorine, peroxides, or 
ozone) using UV or visible light often already existing in water treatment 
processes [14]. ROS promote demethylation and hydroxylation re
actions wherein an organic compound is oxidized in successive steps 
into base components [15,16]. ROS degradation is non-targeted, and the 
reaction rates are relatively high (~109 M−1 s−1 for many pharmaceu
tical compounds [17]). Non-targeted techniques are well suited to treat 
water contaminated by a diverse mixture of pollutants that are present 
at low concentrations [18]. 
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chloride monohydrate. 
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The photocatalytic properties of semiconductor metal oxides like 
ZnO are widely touted for their potential to remediate organic com
pounds in drinking water [1,19–21]. The efficiency and applicability of 
ZnO is limited by (1) a tendency to agglomerate, which reduces the 
effective surface area; (2) a narrow spectral range limiting the range of 
wavelengths available to activate the photocatalysts and (3) synthesis 
procedures that often require high temperature calcination steps, 
reducing the “greenness” of the materials synthesis process. The ten
dency to agglomerate [22–25] limits the already low surface area 
(10–20 m2/g) of ZnO [26]. Embedding ZnO on catalyst carriers, 
including oxides like SiO2 [22,27], activated carbons [28], and clays 
[29], can provide a structural scaffold to prevent particle clumping [24] 
and increase the photocatalyst’s surface area and stability [30]. ZnO has 
a relatively narrow spectral absorption range (λ < 400 nm). If the ab
sorption edge is broadened, the photocatalyst can be activated by a 
range of wavelengths in the ultraviolet (200 nm < λ < 400 nm) and 
visible light (400 nm < λ < 700 nm) regions. Adding a dopant, such as 
silver, can increase the spectral range to the near visible region and 
generate additional ROS species for contaminant degradation [31–33]. 
Finally, high temperature calcination increases the energy burden of 
ZnO photocatalyst synthesis. However, exisiting literature suggests that 
zinc hydroxychloride monohydrate (ZHCM, Zn5(OH)8Cl2⋅H2O), a com
mon intermediate compound in ZnO synthesis, may itself have photo
catalytic activity. 

ZHCM can be thermally converted into crystalline ZnO through hy
drolysis [34] and vaporization reactions [35–37]. ZHCM is not only a 
precursor to the photocatalyst ZnO; several studies report potential 
photocatalytic activity of ZHCM to degrade aqueous pollutants. For 
example, Nekouei et al. [38] synthesized ZHCM and thermally converted 
it to ZnO, though they reported higher degradation by the ZnO than the 
precursor. A complex of ZHCM with ZnO was investigated previously for 
photocatalytic activity; Silva et al. [39] report limited photocatalytic 
activity by the composite and ZHCM precursor. The present work aims 
to address the limited photocatalytic activity of ZHCM seen in prior 
literature by reducing issues associated with agglomeration and by 
broadening the spectral range. This work presents the synthesis and 
characterization of a nanocomposite with both catalytic and photo
catalytic activity not previously observed in ZHCM compounds. To the 
best of our knowledge, only one prior paper observed photocatalytic 
effect of N-doped ZHCM; while they observe significant adsorption in 
the absence of UV light, no catalysis is reported or mechanisms explored 
[40]. In contrast, we present an unmodified ZHCM synthesized without 
calcination. This work therefore highlights a green chemistry approach 
to catalysis in that the process does not require additional dopants nor 
high temperature calcination, reducing the heat and energy re
quirements of the synthesis. 

In this work, we use a one-pot sol–gel process to synthesize a ZHCM- 
SiO2-Ag nanocomposite which can be thermally converted into a ZnO- 
Ag-SiO2 photocatalyst. In this paper, both nanocomposites are evaluated 
for their photocatalytic and catalytic potential to degrade three model 
compounds representing three different emerging contaminant classes: 
methylene blue dye [41] (industrial dye), ciprofloxacin [4,42] (anti
biotic), and caffeine [4] (stimulant) to determine the potential for the 
ZHCM precursor to serve as an AOP photocatalyst, rather than its 
higher-energy requiring calcined form. Antibiotics are heavily used in 
agricultural practices and are prone to run-off into natural waters 
[9–11]. Stimulants like caffeine are found in natural waters such as the 
Hudson River Estuary [12]. Industrial dyes are widely produced and 
pose risks to human health and the environment [13]. The compounds 
used for these classes of contaminants were chosen for their previous use 
in literature and wide availability. The nanocomposites are character
ized by XRD, band gap calculations, and antimicrobial activity. The 
photocatalytic activity is quantified by identifying reactive oxygen 
species through established scavenger experiments and a new applica
tion of a biological chemiluminescence method to AOP for water 
treatment. 

2. Materials and methods 

A one-pot sol–gel method was used to synthesize ZHCM, which is 
subsequently calcined into ZnO-SiO2-Ag. The materials are character
ized to determine band gap, crystalline domains, BET surface area, and 
antibacterial properties. The potential of these photocatalysts for 
degradation of emerging and persistent pollutants from drinking water 
is investigated and potential ROS production discussed. 

2.1. Nanocomposite synthesis 

4.34 mg zinc chloride (purity > 98.5, ACROS organics) was dissolved 
in 250. mL of 4:1 ethanol to Milli-Q water (18.2 MΩ cm−1) mixture with 
a magnetic stir bar at 40 ◦C. To this, 10. mL of 2.0 N NaOH (VWR In
ternational) containing 2.94 mg of sodium metasilicate (anhydrous, 
purity > 95 %, STREM chemicals, inc.) was added dropwise at a rate of 
2 mL min−1 while stirring. Immediately a white precipitate was 
observed at pH 6. The pH was adjusted to 9 with NaOH and the tem
perature increased to 90 ◦C for 15 min. The sample was cooled at room 
temperature for 4.5 h to crystallize it. For the silver containing nano
composite, 65.15 mg silver nitrate (ACS grade, Sigma-Aldrich), weighed 
on a Shimadzu semi-microbalance to 0.01 mg, was added during the 
dissolution of the zinc chloride. Additionally, 2.49 mg sodium citrate 
dihydrate (ACS grade, Macron Fine Chemicals) was added during the 
90 ◦C heating phase to reduce the silver. Free salts were removed from 
the nanocomposite by washing in 500 mL Milli-Q water then 100 mL 
ethanol via vacuum filtration. The material was dried overnight at 
ambient conditions (~12 h at 21 ◦C) in a fume hood. Half of the sample 
was retained as the uncalcined zinc hydroxychloride monohydrate 
(ZHCM) sample. The remaining nanocomposite was calcined to remove 
volatile compounds and thermally convert the ZHCM into ZnO. Calci
nation was performed in a ThermCraft Tube furnace under 100 mL/min 
dry air flowing at 500 ◦C for 1 h in a quartz boat. The cooled samples 
were stored in a desiccator at room temperature. A graphical repre
sentation of this synthesis is available in the Supplemental Information 
(SI, Figure S1). 

2.2. Photocatalytic nanocomposite characterization 

UV–Vis diffuse reflectance spectra (UV–Vis DRS) of the nano
composites were recorded using a Cary 5000 UV–Vis-NIR Spectropho
tometer equipped with a 150 mm integrating sphere assembly and the 
Small Spot Kit. Band gaps were calculated using the modified Kubuelka- 
Munk method [43,44] and the Urbach tail method was used to baseline 
the data [45,46]. 

Crystalline phases and mean crystallite diameter, <d>, were deter
mined using a Bruker D8Advance ECO powder diffractometer (XRD) 
with a Cu K-alpha x-ray source for a 2θ range of 20◦ to 80◦ at room 
temperature. Diffraction patterns were analyzed using the included Jade 
software package and compared to databases from the International 
Center for Diffraction Data. Miller indices were identified from the 
reference ZnO and Simonkolleite spectra. The mean crystallite diameter, 
<d>, was estimated using the Scherrer equation [47,48]. 

Silver bonding determinations were measured on a Shimadzu 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS-2030). 3.50 mg 
of nanocomposite was added to 10.0 mL of 70 % trace metal grade nitric 
acid (H2NO3, Fisher Scientific) in a 50 mL Teflon sealed digestion vial 
and digested in a CEM Corporation MARS 5 Digestion Microwave Sys
tem. The sample was heated to 215 ◦C at a pressure of 800 psi with 
900–1050 W of power and held for 15 min. After digestion, the super
natant was extracted, syringe filtered, and diluted to 2 % H2NO3 with 
Milli-Q water prior to ICP-MS analysis. The ICP-MS was calibrated for Zn 
(atomic mass 64) and Ag (atomic mass 109) with a 5-point calibration 
curve. The tuning solution, calibration solution, and internal standard 
were all purchased from High Purity Standards (USA). The mean weight 
fractions of ZnO, Ag, and SiO2 were calculated from triplicate digestions 

Z.A. Pollard et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 480 (2024) 147499

3

and ICP-MS analysis. 
Thermogravimetric Analysis (TGA) describes the thermal stability, 

degree of calcination and surface adsorbed water for each nano
composite. Using a TA Instruments TGA 5500 with 5 mg sample in 
platinum pans, the sample was heated to 500 ◦C at a rate of 10 ◦C min−1 

under dry air with a flow rate of 25 mL min−1. Measurements were 
conducted in duplicate, and the average percent mass loss reported. 

Surface areas were measured via N2 physisorption at 77 K over a P/ 
P0 range of 0 to 0.7 on a Micromeritics 3-Flex using the Bru
nauer–Emmett–Teller (BET) method after being degassed for 24 h at 
130 ◦C on a Micromeritics Smart VacPrep. Measurements were con
ducted in triplicate with mean values and one standard deviation about 
the mean reported. 

2.3. Antimicrobial properties of the nanocomposite 

The nanocomposites were evaluated for their antibacterial activity 
against Escherichia coli (strain DH5α) using an agar disk diffusion assay. 
Luria Bertani (LB) agar plates were prepared, sterilized, and solidified. 
After solidification, each plate was inoculated with 1.0 mL of E. coli 
culture at 1.0 x 10−4 optical density (OD600) in LB broth, swirled to coat 
evenly, and dried by a flame to prepare the bacterial lawn. The E. coli 
was prepared from a single colony in LB and allowed to grow at 37 ◦C for 
12 h. The culture was diluted with LB to an OD600 of 0.1, incubated for 1 
h to reach log phase and diluted to OD600 of 10−6 in LB. Nanocomposites 
were dispersed in water (sonicated for 30 min to create a stable colloid) 
at a concentration of 25 mg mL−1. 30 μL was pipetted onto a sterile filter 
paper disk (Whatman 2017–006 Antibiotic Assay Paper, 1 cm disks) 
dried in an oven at 75 ◦C and repeated 4 times for a total loading of 3.0 
mg of nanocomposite per disk. Loaded disks were aseptically placed on 
the dried inoculated agar plates and incubated inverted for 24 h at 37 ◦C. 
A negative and positive control were established using blank disks and 
disks loaded with kanamycin sulfate [49], respectively. Inhibition zones 
were observed around each sample and their diameters measured in 
millimeters (mm). Inhibition zones were repeated in triplicate and the 
averages and standard deviations are reported. 

2.4. Degradation of model contaminants 

Methylene blue (MB, 10 mg L−1), ciprofloxacin (100 mg L−1), and 
caffeine (100 mg L−1) were used as model contaminants for the degra
dation studies (Table 1). The authors acknowledge that real-world water 
samples are likely more heterogenous; here we use individual model 
compounds as a proof of concept for the ZHCM as a photocatalyst and 
the demonstrate of a new biological assay for ROS species 

determination. Additional degradation conditions are discussed in SI 
Appendix 2. Degradations were conducted with in situ measurements in 
a 96-well plate (polystyrene, flat bottom) and concentrations monitored 
using a SynergyTM HT Multi-Mode Microplate Reader. Initial concen
trations for the contaminants were determined based on the detection 
limit of the plate reader at the wavelengths provided in Table 1. 0.2 mg 
of the nanocomposite was weighed into a well using a Sartorius mi
crobalance, after which 200 μL of the contaminant solution was pipetted 
into the well. The samples equilibrated for 20 min before illumination 
under the UV light at 10 cm. The UV light at 365 nm was supplied by an 
Analytik Jena 20-Watt UV bench lamp. The plate was transferred to the 
plate reader at each time point for absorption measurements at the 
characteristic wavelengths (Table 1) and then returned to the UV light 
for a total irradiation time of 4 h. Notably, this in situ measurement 
technique is beneficial in that the reaction conditions remain constant as 
no volume is extracted for measurement. All degradations were run in 
triplicate and conducted without any nanocomposite present as a 
control. 

To determine the effects of vessel volume on the degradation ki
netics, the degradation experiments for MB (10 mg L−1) were repeated 
at 3 additional volumes in scintillation vials: 3-mL (1 dram), 6-mL (2 
dram), and 40-mL (11 dram). The nanocomposite to volume ratio was 
preserved at each volume. At 3-mL, aliquots were analyzed on the plate 
reader using the described method. A Shimadzu UV–Vis Spectrometer 
was used to determine the MB concentration for 6-mL and 40-mL ex
periments using quartz cuvettes. Calibration curves for the plate reader 
and UV–Vis are provided in Supplemental Information (SI) Figure S2. 3- 
and 6-mL experiments were run in triplicate, but due to limitations in 
available material the 40-mL experiment was only run once. 

2.5. Identification of reactive oxygen species responsible for 
photocatalytic activity 

The major ROS species responsible for the degradation of methylene 
blue were identified by including 1.0 mM of scavenger compounds in the 
96-well plate degradation studies. Scavengers (which quench the reac
tion by selectively sequestering a particular ROS) used in this study were 
ethylenediaminetetraacetic acid [50–53] (EDTA, hole (h+) scavenger), 
sodium chloride [7] (NaCl, h+ and •OH scavenger), isopropanol [40,53] 
(IPA, •OH scavenger), and hydroquinone [54] (HQ, •O2

− scavenger). 
Quenching experiments were conducted as described in Section 2.4; the 
scavengers were added to 1.0 mM when the 200 μL of solution was 
dispensed into each well. Quenching experiments were repeated in 
triplicate and the mean and standard deviation reported. 

The intensity and nature of the ROS generated was further 

Table 1 
Model water contaminants used to assess photocatalytic activity.  

Contaminant Commercial Use Molar Mass (g/mol) UV Peak Wavelength (nm) Structure  

Methylene Blue(MB) Dye  319.9 664 

Ciprofloxacin Antibiotic  367.8 300 

Caffeine Stimulant  194.2 284 
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investigated using a modified biological assay that measures horseradish 
peroxidase catalyzed luminol excitation [55]. The levels as well as the 
duration of the chemiluminescence are proportional to the amount of 
ROS produced by the nanocomposite [56]. This is the first (to our 
knowledge) time such an assay was applied to study photocatalysts. 
Fig. 1 details the mechanism behind this biological assay. In the pres
ence of the ROS generated by the photocatalyst, electrons in the luminol 
are excited. To return to the ground state, light is emitted and the 
luminol converted into aminophthalic acid. This emitted light is 
measured by the plate reader and can be used as a proxy for the mea
surement of the ROS. This luminol-derived chemiluminescence detects 
superoxide anions (•O2

−) without horseradish peroxidase (HRP) and 
detects both superoxide anions and peroxide radicals (•O2

2−) in the 
presence of HRP [55]. 

To prepare the chemical reagents, 15 mg luminol was dissolved into 
1 mL liquid DMSO (dimethyl sulfoxide) and 5 mg HRP was dissolved in 
500 μL of Milli-Q water. Reagents were divided into aliquots and stored 
in a −20 ◦C freezer until used. Immediately prior to the reaction an 
aliquot of luminol and HRP stock solutions were thawed at room tem
perature and two 5x solutions were prepared of 7.5 μL luminol stock in 
1.5 mL Milli-Q water: one with 7.5 μL HRP stock added and the other 
with luminol only. The assay was carried out in 96 well plates with white 
sides and clear flat bottoms (Thermo Scientific™ Nunc MicroWell 96- 
Well Optical-Bottom Plates) with a uniform total volume per well of 
100 μL across all samples. 0.5 mg of the nanocomposite was weighed 
into each well using a Sartorius microbalance. 80 μL of Milli-Q water 
was added to each well, and a baseline chemiluminescence measure
ment was recorded at a center wavelength of 460 nm with a bandpass of 
40 nm using the same plate reader. Next, the entire plate was exposed to 
the UV lamp at 10 cm for 1 min. 20 μL of luminol solution (with or 
without the HRP) was quickly added using a multi-channel pipettor and 
transferred to the plate reader. After 5 s shaking at high intensity, the 
first chemiluminescence measurement was recorded. The time from the 
end of the UV light exposure to the first measurement was 15–20 s. 30 
additional measurements were taken with a 3 sec shake between each 
measurement over the course of 20 min. Experiments were repeated 
with the UV light turned off but the same 1 min delay time to gauge the 
catalytic behavior in the absence of light. 

3. Results and discussion 

In this work, a ZHCM nanocomposite is developed for the degrada
tion of organic drinking water contaminants. XRD confirmed the crys
talline structure of the raw ZHCM precursor as zinc hydroxychloride 
monohydrate (ZHCM, Zn5(OH)8Cl2⋅H2O) as shown in Fig. 2a. 

The complete hydrolysis and oxidation of ZHCM into ZnO depends 
on experimental conditions (furnace dimensions, relative humidity, flow 
rate, temperature, pressure, and duration) [34,37]. XRD spectra in 
Fig. 2b confirms complete calcination due to the presence of only the 
nine representative ZnO peaks in the ZnO-SiO2 sample. The inclusion of 
Ag in the crystalline phase is validated by the presence of one additional 
Ag (111) peak at 2θ = 38◦ [22]. From the XRD, we see that SiO2 is 
amorphous and does not alter the crystalline structure of the core ma
terial [57,58]. SiO2 does not present as distinct peaks on the pattern 
(potential crystalline SiO2 peaks would appear at 2θ = 25◦, but no peaks 
were observed). The preferential crystal growth direction for our calci
nated nanocomposites was (101) at 2θ = 36◦, determined via the 
relative intensities of the characteristic ZnO peaks [59]. The nano
composites were uniform in size with consistent XRD peak widths; 
silver-containing crystalline domains had a lower mean crystallite 
diameter than those without silver (Table 2). 

As determined by ICPMS, the silver concentration in the ZnO-SiO2- 
Ag nanocomposite was 4 % w/w (Table 2) which is consistent with the 
expected ratio based on the synthesis conditions. Nitric acid does not 
dissolve Si compounds implying that the Zn and Ag are not covalently 
bonded to the SiO2. Literature values for the BET surface area of ZnO 
formed by the decomposition of mineralized simonkolleite [35] were 
significantly lower (1.3 m2 g−1) than that achieved in this study (58.2 m2 

g−1; Table 2) which can be attributed to the inclusion of the porous SiO2 
scaffold phase. The nanocomposites exhibit micro- and meso-porosity. 
The synthesized ZHCM composite with the SiO2 scaffold has lower 
surface area (18.9 m2 g−1) than its natural mineral counterpart, 
simonkolleite, (27 m2 g−1) due the presence of naturally occurring 
heterostructures [60]. 

Fig. 1. Mechanism for the biological assay measuring chemiluminescence generated by luminol excited by the reactive oxygen species (ROS) generated by the 
photocatalytic nanocomposite. There are two pathways, in the presence of HRP, a combination of •O2

− and •O2
−2 ROS excite the luminol, without HRP only •O2

−

excites the luminol. 
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3.1. Absorbance and bandgap 

Diffuse reflectance UV–Vis spectra are shown in Fig. 3a. All materials 
exhibit the characteristic broad-spectrum absorbance of ZnO in the UV 
region (<400 nm), though silver did not produce a plasmon peak near 
480 nm as had been reported previously [23]. However, there was a 
noticeable shift in the absorption maximum (especially nearing the 
visible range) for nanocomposites including Ag which is consistent with 
the literature [26]. Optical bandgaps (Table 2) are calculated from Tauc 
plots as an approximation for the electronic bandgaps [43]. Fig. 3b-e 
breaks down the possible transitions in Tauc plots for ZHCM (complete 
Tauc plots and further discussions are included in SI Figure S3 and S4). 
Calcination resulted in a slight decrease in the direct allowed transition 
confirming the appearance of confined carriers upon the formation of 
ZnO nanocrystals. ZnO nanocomposites exhibited a direct allowed 
transition with a band gap of 3.20 eV, and a second transition at ~ 3.1 
eV but the nature of this second transition is unclear (direct forbidden, 
indirect allowed, or indirect forbidden) for all materials. The ZHCM has 
a direct allowed transition at 3.32 eV, with a second transition between 

Fig. 2. XRD diffraction patterns for a. as-synthesized ZHCM b. calcined ZnO-SiO2 sample and calcined ZnO-SiO2-Ag sample. The inset in b zooms in on the Ag 
(111) peak. 

Table 2 
Photocatalytic nanocomposite properties. Component ratios (ZnO: SiO2: Ag), 
mean crystallite diameter < d>, band gaps (direct allowed transition), inhibition 
zones (mm) (average ± one standard deviation), and BET surface area (m2/g) (±
standard deviation based on BET equation fit to partial pressure data).  

Sample Ratio (ZnO: 
SiO2:Ag) 

< d >
(nm) 

Band 
Gap 
(eV) 

Inhibition 
Zone (cm) 

BET Surface 
Area (m2/g) 

ZnO 100:0:0 41  3.20 1.60 ± 0.04 20.1 ± 0.1 
ZnO- 

SiO2 

85:15:0 62  3.24 1.50 ± 0.05 58.2 ± 0.3 

ZnO- 
SiO2- 
Ag 

63:33:4 35  3.21 1.50 ± 0.05 57.3 ± 0.7 

ZHCM – –  3.32 1.46 ± 0.04 18.9 ± 0.2  

Fig. 3. UV–Vis analysis of nanocomposite including a. diffuse reflectance absorbance spectra and representative bandgap calculation for ZHCM nanocomposite using 
Tauc plots for b. direct allowed transitions, c. direct forbidden transitions, d. indirect allowed transitions, and e. indirect forbidden transitions. 
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3.14 and 3.22 eV. The band gap indicates that UV-light photons with 
energy of greater than or equal to 3.2 eV would excite an electron from 
the valence band to the conduction band. In an aqueous environment, 
these photogenerated holes and electrons react with water or surface 
hydroxides to form the ROS responsible for contaminant degradation. 
Additional descriptions of the ROS generated in this work and a sche
matic for ROS generation in aqueous environments is provided in SI 
Appendix 2 supported by Figure S10. Silver inclusion did not signifi
cantly shift the bandgap (as the differences reported in Table 2 are not 
significant within the sensitivity limits of the instrumentation) consis
tent with previous reports [50]. 

3.2. Inhibition of bacterial growth 

While often overlooked in the design of AOP materials literature, the 
inhibition of bacterial growth could be a beneficial property for imple
menting these materials in water treatment applications. Zinc oxide 
composites inhibit bacterial growth by disorganizing bacterial cell 
membranes [61,62]. The presence of ZnO and Ag could prevent the 
attachment and colonization of bacteria and other microorganisms and 
reduce the formation of biofilms. Prior work found that ZnO nano
particle size is inversely correlated with inhibition zone size [61]. In the 
case of our nanocomposite the particles were uniform and a decrease in 
crystallite domain was not correlated with any increase in inhibition 
zone (Table 2). The ZHCM exhibited a slightly narrower inhibition zone 
than the other nanocomposites. Pure ZnO had the widest inhibition zone 
by a small but statistically significant margin (p value = 0.002, two- 
tailed t-test) and the concentration of ZnO was not proportional to the 
decrease in inhibition (i.e., the inclusion of 15 or 33 % inert SiO2 in the 
nanocomposite did not impact the degree of inhibition reduction). 
Under the same experimental conditions, the nanocomposites showed a 
comparable inhibition zone to 3.0 μg of kanamycin (1.49 ± 0.1 mm). 
Representative inhibition zones for each nanocomposite in the presence 
of kanamycin at 3.0 μg, 30 μg (3.13 ± 0.04 mm), and 150 μg (4.17 ±
0.05 mm) per disk are included in the Supplemental Information (SI 

Figure S5). 

3.3. Determination of photocatalytic activity 

Methylene blue (MB), ciprofloxacin, and caffeine were used as model 
contaminants to determine the photocatalytic activity of the nano
composite. Each contaminant was degraded in the presence of UV light 
for 4 h, and for MB the degradation was repeated for three cycles to 
assess the reusability of the material (Fig. 4). 

ZHCM completely degrades the methylene blue (efficiency 98 %) in 
4 h; in the same amount of time the other photocatalysts tested achieved 
less than 80 % degradation. ZHCM also achieved the highest degrada
tion efficiency for caffeine and ciprofloxacin. The degradations follow a 
pseudo-first-order kinetic model (kinetic parameters provided in Table 3 
and linearized -ln(Ct/C0) vs time plots provided in SI Figures S6-8). 
Reaction rates for ZHCM were 3-fold higher than the calcined ZnO 
composite for MB and 2-fold higher for ciprofloxacin and caffeine. Each 
catalyst tested in this work was also effective at initiating caffeine 
degradation. Without a catalyst under UV-light irradiation, the caffeine 
did not degrade to any measurable degree, suggesting that caffeine 
degradation is photocatalytically initiated. 

The half-life (t1/2) was calculated based on the pseudo-first order rate 
constant (Table 3). ZHCM-catalyzed degradation resulted in shorter t1/2 
compared to the other catalysts for each of the contaminants tested. 
Methylene blue degradation catalyzed by ZHCM had a t1/2 of only 33 
min compared to 283 and 810 min for ciprofloxacin and caffeine, 
respectively. The degradation efficiency, and consequently the t1/2, is 
dependent on the catalyst, the contaminant moiety, and the ROS 
participating, as well as environmental factors (scavenger ions, pH, 
temperature, etc.) [63]. MB is often used for literature comparison as it 
readily degrades [64] and is easily detectable as the dye decolors due to 
hydroxylation and demethylation reactions [65,66]. Caffeine typically 
degrades less readily than MB [67] and involves pyrimidine ring open
ing reactions [68]. Additionally, ciprofloxacin is more resistent to ROS 
degradation than MB [71] as it degrades by quinolone ring opening 

Fig. 4. Photocatalytic activity displayed as fraction of concentration remaining at any given time as a function of initial concentration (Ct/C0) of ZHCM, ZnO-SiO2, 
and ZnO-SiO2-Ag including direct degradation of a. methylene blue (MB), b. ciprofloxacin, c. caffeine, and d. the repeatability for MB degradation. Error bars 
represent ± one standard deviation about the mean for 3 repeated trials. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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[69,70], a more energy-intensive process owing to the more stable ar
omatic molecules. Silver particles in the nanocomposite increased the 
conversion of MB as compared to the ZnO-SiO2, but the effect of silver on 
the degradation of caffeine and ciprofloxacin was minimal. The degra
dation rate for each of the compounds was not correlated with the mean 
crystallite size, <d>, or particle size of the nanocomposite. Additional 
discussion of reactive oxygen species (ROS) generated and degradation 
pathways of the model compounds is discussed in Appendix 1 of SI. 

Notably, high photocatalytic degradation efficiency can be achieved 
without the energy input of calcination where the nanocomposite is 
heated at 500 ◦C for ~ 1 h. A comparison of the photocatalytic degra
dation efficiencies achieved in this work with existing literature is pro
vided in SI Table S1 (materials properties) and S2 (degradation 
efficiencies). Literature suggests that higher surface area is correlated 
with a higher degradation efficiency; this is often attributed to improved 
dispersion of catalytically active sites [38,72]. However, in this work we 
found that our raw ZHCM material has a significantly higher degrada
tion potential for the compounds tested, while the bandgap and BET 
surface area are lower as compared to the multiphase ZnO-SiO2-Ag 
nanocomposite. However, the literature trend correlating surface area 
and photocatalytic efficiency is often based on the same materials with 
different morphological properties. Our work suggests that surface area 
alone is not the driving force for catalytic activity, but perhaps acces
sibility of more catalytically active sites and the nature of the sites. The 
precipitate forming the ZHCM, while it has a lower surface area than the 
calcined ZnO, may have more accessible active sites for ROS generation, 
which would be supported by the higher bandgap achieved by this 
sample. 

Negative slopes on Fig. 4 for photocatalyst-based experiments indi
cate that the reaction is still proceeding and has not yet reached 
completion or equilibrium. It is likely that if the reaction proceeded to 
completion or equilibration, error for the pseudo-first order fit would 
decrease as we deviate from the initial linear behavior of the degrada
tion [18]. Additionally, the ZHCM nanocomposite is reusable over 
multiple cycles. Fig. 4d shows the results of repeated trials where 
additional methylene blue was added over three cycles. ZHCM main
tained its efficiency over the course of this experiment while the ZnO- 
SiO2 lost roughly 20 % of its degradation efficiency. Previous studies 
attribute this loss in activity to surface roughening and photocorrosion 

[73]. 
It has been shown that at a higher pH (nearing 11) surface absorbed 

water molecules can be reduced at the surface of the photocatalyst [74]. 
The pH of the 10 mg L−1 MB solution during degradation was 10.6. The 
redox potential of the surface H2O/•OH couple is 2.73 eV which is lower 
than the bandgap of the catalysts, resulting in more hydroxide ions 
reacting with photoexcited holes to generate additional ROS. TGA and 
derivative thermogravimetric (DTG) curves (Fig. 5) confirm a rapid 
mass loss for ZHCM of 7.3 % at 175 ◦C which is consistent with the loss 
of surface absorbed water [36]. Physically bound water is released 
below 120 ◦C and, due to the materials being stored in a desiccator, 
accounts for only 2.3 % of the mass loss. Above 200 ◦C the ZHCM in
termediates are crystallized into ZnO, and volatiles (mainly HCl) are 
driven off via hydrolysis and devolatilization [37]. This surface absor
bed water may explain the 2- to 3-fold increase in the photocatalytic 
ability of the ZHCM as compared to its calcinated ZnO forms. The 
mechanisms and exact stoichiometric mass loss for ZHCM thermal 
conversion to ZnO in this work do not perfectly align with literature 
values [37] due to the inclusion of SiO2 in the matrix. Additionally, the 
ZnO-SiO2 and ZnO-SiO2-Ag were thermally stable with a total mass loss 
of less than 1.5 %, which occurred mostly below 120 ◦C. 

3.4. Reactive oxygen species identification 

MB degradation studies in the presence of four radical scavengers 
were used to identify the ROS responsible for the photocatalytic activity. 
Scavengers included EDTA (hole (h+) scavenger), NaCl (h+ and •OH 
scavenger), IPA (•OH scavenger), and HQ (•O2

− scavenger). NaCl is an 
ionic compound found ubiquitously in natural and treated waters alike 
and is used here to both understand ROS and as a representative inor
ganic environmental water. Co-existing chloride and sulfide ions in 
water will alter the ROS further, but their role is beyond the scope of this 
work, which focuses on model compounds and ROS species identifica
tion. By adding the scavenger, we see a decrease in the degradation 
efficiency as the scavengers selectively sequester the ROS (Fig. 6). HQ 
has the strongest inhibitory effect on the photocatalytic degradation, 
suggesting that superoxide ions are the primary species while holes and 
hydroxyl radicals play a secondary role. Silver in the nanocomposite acts 

Table 3 
Kinetic parameters for the photocatalytic degradation of methylene blue, cip
rofloxacin, and caffeine (Calculated from data shown in Fig. 4) including 
degradation efficiency after 240 min irradiation, pseudo first-order rate constant 
(k1), adjusted R2 values for the fit of the pseudo first-order model, and the 
compounds half-life (t1/2) under the specified degradation conditions.  

Contaminant Sample Degradation 
Efficiency (%) 

k1 × 10−3 

(min−1) 
R2 t1/2 

(min) 

Methylene 
Blue 

No 
catalyst  

10.0 0.350 0.932 1981 

ZnO- 
SiO2  

55.0 3.32 0.993 153 

ZnO- 
SiO2-Ag  

78.0 6.88 0.989 101 

ZHCM  98.0 21.0 0.999 33.0 
Ciprofloxacin No 

catalyst  
14.0 0.410 0.805 1680 

ZnO- 
SiO2  

39.0 2.00 0.997 346 

ZnO- 
SiO2-Ag  

34.0 1.47 0.969 472 

ZHCM  42.0 2.45 0.941 283 
Caffeine No 

catalyst  
0.00 0 – – 

ZnO- 
SiO2  

12.0 0.420 0.942 1651 

ZnO- 
SiO2-Ag  

12.0 0.420 0.981 1651 

ZHCM  21.0 0.855 0.967 810  

Fig. 5. a. TGA thermal analysis under air for ZHCM, ZnO-SiO2, and ZnO-SiO2- 
Ag, and b. DTG curve showing the thermal degradation of ZHCM into ZnO. 
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as an electron sink where absorbed oxygen may be reduced into various 
ROS species. The inclusion of silver appears to have diversified the ROS 
species generated as we see some inhibition with the inclusion of NaCl 
and IPA which both scavenge hydroxyl radicals. 

Fig. 7 shows a higher measured luminol amplified chem
iluminescence for the ZHCM as compared to the calcinated ZnO-SiO2- 
Ag. Experiments were conducted in triplicate and while there was high 
variability, statistically significant differences were found by comparing 
ranges generated by one standard deviation about the mean. Luminol- 
amplified chemiluminescence can detect superoxide anions (•O2

−) 
without HRP and can detect both superoxide anions and peroxides 
(•O2

2− and H2O2) in the presence of HRP [55]. For ZHCM the highest 
chemiluminescence was observed in the presence of luminol under UV 
light, which confirms a high superoxide anion concentration. This is in 
direct agreement with the quenching effect of HQ. No chem
iluminescence was detected in the absence of light for the luminol only 
assay for either catalyst. This indicates that the generation of superoxide 
anions is light dependent. Peroxide radicals, on the other hand, were 
detected regardless of the UV light state and were comparable for the 
two photocatalysts tested with UV-light exposure. Interestingly, the 
ZHCM generated substantial peroxide radicals in the absence of light, 
which explains its catalytic potential in addition to its photocatalytic 
behavior [75]. 

To further probe the catalytic behavior, MB degradation studies were 
repeated in the absence of UV-light (data available in Figure S9). These 
results confirm catalytic activity for the ZHCM with a degradation effi
ciency of 31 % after 4 h. The degradation of MB in the absence of light 
can be attributed to a mix of adsorption and bond cleavage by the 
peroxide radicals generated by ZHCM. ZnO-SiO2-Ag did not exhibit any 
catalytic effect in dark trials; this is consistent with the lack of any 
observed ROS generation without UV light exposure. Higher peroxide 
formation and lower dependence on UV-light activation may explain the 
higher overall photocatalytic degradation efficiency of the ZHCM com
pound compared to the ZnO composites. Neither adsorption nor cata
lytic behavior was exhibited by the ZnO composites in the absence of UV 
light. 

The reaction involved in the biological assay is complex and a 
quantification of ROS is not feasible. However, the current assay in
dicates a correlation between higher ROS generation (by luminol 
chemiluminescence as a proxy) and the photodegradation of model 
contaminants. Future work is required to convert this biological assay 
(which is standardized for biological cell use) to a robust tool for 
determining ROS lifetimes and concentrations for AOP evaluation. 

Overall, we observed higher degradation efficiencies for our ZHCM 
than the ZnO composites synthesized in this work. We report the 
physical properties and reusability of the nanocomposites and identify 
the reactive oxygen species responsible for the contaminant degrada
tion. The ZHCM exhibits catalytic and photocatalytic behavior allowing 
for contaminant degradation with or without UV light application 
resulting in a more robust and flexible AOP. 

4. Conclusions 

This work identifies a ZHCM precursor with high photocatalytic and 
catalytic activity for the degradation of three model contaminants 
(methylene blue, caffeine, and ciprofloxacin). ZHCM within an SiO2 
scaffold is thermally converted into ZnO-SiO2 nanocomposites (with and 
without Ag dopant). The ZHCM exhibits both catalytic and photo
catalytic activity indicating the potential to degrade contaminants both 
in the presence of UV light and when no light is present. The ZHCM 
catalyst exhibited nearly 2x higher degradation than the ZnO photo
catalyst for the degradation of methylene blue (98 %), caffeine (42 %), 
and ciprofloxacin (21 %). 

A standard scavenger experiment was used to identify the ROS spe
cies responsible for the contaminant degradation and was expanded by a 
biological assay using horseradish peroxidase and luminol. For ZHCM, 
peroxides and superoxide ROS were identified as the primary species 
responsible for the degradation of methylene blue dye. In the absence of 
light, ZHCM generated peroxide radicals and achieved a degradation 
efficiency of 31 % for methylene blue. In the absence of light, the ZnO 

Fig. 6. The effect of scavenger quenching on methylene blue degradation for 
ZHCM, ZnO-SiO2, and ZnO-SiO2-Ag with ethylenediaminetetraacetic acid 
(EDTA), sodium chloride (NaCl), isopropyl alcohol (IPA), and hydroquinone 
(HQ). Error bars represent ± one standard deviation about the mean. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. Reactive oxygen species generation as measured by the chemiluminescence of luminol with or without HRP over repeated measurements for a. ZHCM and b. 
ZnO-SiO2-Ag. Error bars represent ± one standard deviation about the mean for 3 repeated trials. 
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composites did not exhibit catalytic activity as measured by ROS 
detected by the luminol chemiluminescence assay and degradation ex
periments. The ZHCM exhibited high stability over repeated trials, while 
ZnO-SiO2 composites lost nearly 20 % of its degradation efficiency after 
3 cycles. 

The ZHCM has a low BET surface area (18.9 m2/g) and comparable 
bandgap to ZnO-SiO2. As such, the increased photocatalytic perfor
mance can be attributed to more ROS generation and a higher ratio of 
surface absorbed water. Overall, the ZHCM has a higher photocatalytic 
and catalytic activity with a lower energy requirement than the ZnO- 
SiO2-Ag produced in this work. While it is infeasible to test these newly 
developed catalysts in every environmental condition or contaminant 
mixture, this study demonstrates (1) the development of an effective 
catalyst/photocatalyst with a lower energy cost than the incumbent 
which is widespread in the literature (2) the potential of this material to 
act on three different classes of contaminants with various levels of 
persistence. These photocatalytic nanocomposites could be used in a 
tertiary treatment step in addition to traditional wastewater treatment 
for the removal of currently persistent pollutants. ZHCM catalysis and 
photocatalysis could provide nontargeted treatment for a broad range of 
contaminants using existing UV-light infrastructure in water treatment 
plants. 
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