Environmental Science and Pollution Research (2023) 30:80545-80558
https://doi.org/10.1007/5s11356-023-28169-6

RESEARCH ARTICLE q

Check for
updates

Sustainable Bifunctional ZnO Composites For Synchronous Adsorption
And Reduction Of Cr(VI) to Cr(lll)

Nurudeen Abiola Oladoja'® - Joseph Adebusola Ogunniyi’ - Eric TobechukwuAnthony' - Sumit Kumar? -

Stephan Hofmann?

Received: 21 March 2023 / Accepted: 5 June 2023 / Published online: 10 June 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

In decentralized systems, adsorption-based strategies offer inherent advantages for the treatment of drinking water contami-
nated with oxoanion. However, these strategies only involve phase transfer and not the transformation to an innocuous state.
The requirement for an after-treatment procedure to manage the hazardous adsorbent further complicates the process. Here
we formulate green bifunctional ZnO composites for the simultaneous adsorption and photoreduction of Cr(VI) to Cr(III).
Three non-metal-ZnO composites based on raw charcoal- ZnO, modified charcoal- ZnO charcoal, and chicken feather- ZnO
were prepared from the combination of ZnO with non-metal precursors. The composites were characterized and both the
adsorption and photocatalyst features were studied, separately, in synthetic feedwater and groundwater contaminated with
Cr(VI). The adsorption efficiency of the composites for Cr(VI) at different initial concentrations, under solar illumination
without hole scavenger, and in the dark without hole scavenger, were appreciable (between 48 and 71%), and initial concen-
tration dependent. The photoreduction efficiencies (PE%) of all the composites were >70%, irrespective of the initial Cr(VI)
concentration. The occurrence of the transformation of Cr(VI) to Cr(II) during the photoredox reaction was established.
Whereas the initial solution pH value, organic load, and ionic strength had no influence on the PE (%) of all the composites,
CO32_ and NO;™ had negative impacts. The PE (%) values of the different ZnO-composites obtained for both the synthetic
feedwater and groundwater systems were comparable.
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Introduction

As it is peculiar to the D-block elements, chromium (Cr)
exists in variable oxidation states that range between + 11
and + VI, but only the +III and + VI are of environmental
concern. At relatively low concentration, the + III variant
is an essential trace element that is required for the suste-
nance of living being, while at high concentration, it can
inhibit some metalloenzyme systems (Dubey et al. 2015).
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The Cr(VI), which exits as chromate (Cr042‘) in alkaline
medium, and dichromate (Cr2072‘) in acidic medium, is the
most toxic amongst the Cr species. It has been found as the
cause of an array of liver, lung, skin and kidney conditions
(Dubey et al. 2015; Saha and Orvig 2010). The International
Agency for Research on Cancer (IARC) identified Cr(VI) as
an important carcinogen that modulates the DNA transcrip-
tion and causes significant chromosome aberration (Dubey
et al. 2015; Saha and Orvig 2010).

In order to abide by the United States Environmental
Protection Agency (USEPA) maximum contaminant level
of 0.05 mg/L for Cr(VI) in potable water (Saha and Orvig
2010), different methods have been studied for its removal
from drinking water. In small communities, adsorption-
based treatment strategies are the most viable option for the
treatment of oxoanion contaminated drinking water (Allaire
et al. 2018). They offer high removal efficiency, simplicity,
that makes it amenable for use in decentralized systems, and
a high adsorbent regeneration potential (Pincus et al. 2020).
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Such adsorption-based approach only involves the transfer
of the pollutant from one phase to another, and not the trans-
formation from the toxic state to an innocuous state. Thus,
the requirement for an after-treatment procedure to manage
the hazardous pollutant laden adsorbent, which complicates
the process.

In water and wastewater treatment, the transformation of
toxic pollutants to the innocuous form has been explored
via photocatalytic pathways. Amongst the process variables
identified by Anthony and Oladoja (2022) for optimal per-
formance of a semiconductor is the ability to provide suit-
able surface for the adsorption of the toxic pollutant and
desorption of the transformed innocuous product formed.
This salient mechanism and understanding imply that a
semiconductor can be properly formulated to possess bifunc-
tional features of an adsorbent, as well as a photocatalyst, to
obviate the challenges of retaining adsorbed pollutants on
the surface in the original undesirable form. In order to vali-
date this hypothesis, we here formulate ZnO composites via
a green pathway to achieve bifunctionality with adsorbent
and photocatalyst features.

Considering the desirable features of ZnO semiconduc-
tor, array of its composites has been formulated and used in
different applications that include sensors (Viter et al. 2020,
and 2023, Turemis et al. 2020), photoelectrical devices
(Wang et al. 2020a, b; Li et al. 2017; Zang 2018), and envi-
ronmental remediation technologies (Dhatshanamurthi et al.
2017; Goodarzi et al. 2017; Bora et al. 2017; Anthony et al.
2020). Its use in environmental remediation technologies
was ascribed to its desirable physicochemical and func-
tional properties that include non-toxicity, high electron
mobility (200-300 cm? V™! s71), chemical stability, and
low cost (Anthony et al. 2020). Its wide band gap (3.37 eV)
restricts its activity to UV light irradiation (i.e., wave-
length <387 nm) (Wang et al. 2014). In order to enable the
solar activity, structural modification strategies have been
developed to enhance the photon absorption and reduce the
recombination rate of the photo-generated charge carriers
(Bora et al. 2017). Doping ZnO with a carbonaceous mate-
rial has been shown to mitigate its photocorrosion proclivity
(Kumar and Rao 2015). ZnO doping with nitrogen and sulfur
has been explored through different synthetic approaches
(Marschall and Wang 2014). Generally, the used non-metal
dopant precursors are usually expensive (e.g., graphite,
activated carbon, carbon nanotubes or fullerenes), and can
be toxic (e.g. most of the sulfur precursors), carcinogenic,
or produce obnoxious intermediates or by-products which
are not ecofriendly. In order to ensure a cost effective, sus-
tainable and ecofriendly doping process, alternative green
non-metal precursors are critically required with abundant
carbon, nitrogen, and sulfur concentration.

Here, we prepared green non-metal (C, N and S) dopants
from locally available resources, specifically charcoal and
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chicken feather, to formulate bifunctional ZnO compos-
ites for Cr(VI) adsorption, and photo-reduction to Cr(III).
Charcoal, a black carbon residue, is produced from thermal
decomposition of rich carbonaceous material in an inert
system. Due to its highly carbonaceous nature, large sur-
face area, and high optical absorption (black colour), char-
coal has been used as filter, catalyst, adsorbent and in black
pigment preparation. Chicken feather, an abundant waste
product from the poultry industry, is based on the structural
protein keratin (>90%), with high content of hydropho-
bic residues, and cysteine (Dou et al. 2015). The chemi-
cal assay of chicken feather showed the presence of carbon
(64.47%), nitrogen (10.41%), oxygen 22.34% and Sulphur
(2.64%) (Tesfaye et al. 2017). We focus on the adsorption
and photocatalyst features of these ZnO composites in syn-
thetic feedwater and groundwater contaminated with Cr(VI)
to evaluate their potential for Cr(VI) reduction to Cr(III) in
drinking water.

Materials and methods
Material preparation and characterization

Raw charcoal (RC) was collected from a commercial bakery
that uses varieties of hardwood for the generation of thermal
energy, and pulverized. Modified charcoal (MC) was pre-
pared by soaking pulverized RC in freshly prepared piranha
solution (i.e., 1:3 ratio of 30% hydrogen peroxide to sulfu-
ric acid), and then washed copiously with deionized water
(electrical conductivity =0.08 uS/cm), and then dried in the
oven at 100 + 3°C. Chicken feathers were collected from the
University poultry farm, washed thoroughly with deionized
water, dried at 80 °C, and then cut into small fragments.
Appropriate amount of the fragmented chicken feather was
soaked in warm deionized water for an hour, dried at 100 °C
and then calcined in a muffle furnace at 500 °C to prepare
the calcined chicken feather. The ZnO semiconductor was
prepared by weighing appropriate amount of zinc acetate
into a crucible with lid and then heated at 500 °C in a muffle
furnace for a period of 2 h.

The non-metal-ZnO composites (i.e., raw charcoal-ZnO
(RCZ), modified charcoal-ZnO (MCZ), and chicken feather
Zn0 (CFZ)) were prepared by stirring a mixture of the non-
metal precursors with Zn acetate in a warm distilled water
for 30 min., sonicate for 60 min, dry in the oven at 100 +3
°C and calcined in the furnace at 500 °C for 2 h.

In order to characterize the materials, the crystallinity and
mineralogical assemblage were determined using X-ray dif-
fractometer (XRD). The surface micro-structure was deter-
mined using scanning electron microscope (SEM), and the
textural properties were determined using the BET methods.
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The point zero charge (pHp,-) values were determined using
the solid addition method (Balistrieri and Murray 1981).

The photoredox reaction

The photoredox reaction was conducted in a photoreac-
tor composed of borosilicate beakers (1.8 L, transmittance
1>280 nm), where sunlight was directed axially to the
center of the reactor. With the aid of a photometer (HTC
LX-101 Digital Lux Meter), the solar light intensity was
quantified each time, and the average solar light intensity
was 622.37W/m?. The photoredox reaction was conducted
by dissolving 0.1 g of the hole scavenger (i.e., oxalic acid)
in 50 mL of Cr (VI) solution of 50 mg/L. The photocatalyst
(0.1 g) was added and the mixture was agitated for 2 h before
sample was withdrawn, filtered using a 0.45 um membrane
filter and the residual Cr(VI) in the filtrate was quantified
using the UV/Visible spectrophotometer at A,, =352 nm
(i.e., the A, of Cr(VI) in acidic medium). The photoreduc-
tion efficiency (PE%) was determined by using Eq. 1:

[Co -]
C()

PE = x 100 1)

The role of Cr(VI) adsorption by each of the composite
was determined by conducting the photoredox reaction in the
dark (i.e., without solar illumination) for a period of 2 h and
the residual Cr(VI) concentration was determined. The influ-
ence of hole scavenger and the possible occurrence of dark
catalytic reaction were determined by conducting the pho-
toredox reaction under solar illumination but in the absence
of the hole scavenger. The effect of photolysis was evaluated
by conducting the photoredox reaction under solar illumina-
tion with the hole scavenger, but without the photocatalyst.

At different initial Cr(VI) concentrations (i.e., 10, 20 and
50 mg/L of Cr(VI)), the time-concentration profiles of the
photoredox reaction were monitored in a reaction mixture
that contained 0.1 g of photocatalyst, and 0.1 g of hole scav-
enger. At fixed time intervals that ranged between 0 and
120 min, samples were withdrawn, filtered using mem-
brane filter (0.45 pm) and analyzed for the residual Cr(VI)
concentrations.

The influence of reaction process variables (i.e. initial
Cr(VI) solution pH, anionic interference, organic load and
ionic strength) on the photoredox efficiency was determined
by simulating the reaction conditions that is similitude of
the groundwater matrix, viz: initial solution pH that ranged
between pH 4.0 and 10.0; anionic interference by the addi-
tion of different concentrations (mg/L) (10, 50 and 100) of
different anions (NO;~, CI~, and CO5*") derived from the
potassium salts; organic load, using humic acid concen-
tration that ranged between 0 and 80 mg/L; ionic strength
(tested in NaCl solutions (%): 0, 0.05, 0.1, 0.2, 0.5 and 1,

equivalent to ionic strengths (mol/L) of 0, 0.0085, 0.017,
0.0342, 0.085 and 0.17).

Real life application

The PE (%) value of the three ZnO-composites were evalu-
ated in groundwater spiked with Cr(VI) concentration of
54.1 mg/L, to evaluate the real-life application.

Results and discussion
Material characterization

The surficial architecture of the different ZnO-composite
materials and the precursors are presented in Fig. 1 a-c,
and the Supplementary Information file (SIFig. 1 a-c),
respectively.

The SEM image of the ZnO-composites were totally dif-
ferent from the respective precursors, which showed that the
precursors were incorporated into each other to produce new
materials with a totally different surficial architecture from
the respective precursors (Fig. 1 a-d). The textural proper-
ties of the composites are presented in Table 1. Both the
BET surface area (m?/g) and the t-plot external surface area
(m?/g) of the RCZ were the highest, while the MCZ had the
lowest values for these two textural properties. The BET
surface areas ((m?/g) of the composite materials were in this
order: RCZ (602.074) > CFZ (371.941) > MCZ (318.198).
The values of the DR micropore volume (cm*/g) and the
micropore surface area (m?/g) for the RCZ were the highest,
while the MCZ had the least values (Table 1).

The diffractogram of the ZnO, (SIFig. 2 a) showed that
it is a highly crystalline material and the presence of zincite
(ZnO), at the following 20 positions 31.6768, 34.2708 and
36.2247, and sphalerite (ZnS) peaks at 28.5209, 47.5738 and
56.3642 were detected. For the chicken feather (SI Fig. 2),
the diffractogram showed that it is an agglomeration of both
the crystalline and amorphous phases. The major minerals
detected in the calcined chicken feather are quartz (SiO,),
glauconite [(K,Na) (Fe,AlLMg),. (Si,Al),. O,y. (OH),] and
albite (NaAISi;Og). The detailed mineralogical assemblage
of both the raw and modified charcoal have been presented in
another treatise, but highlighted here for brevity. In the RC,
two major peaks attributed to calcite (CaCO;) and Whewel-
lite, (C,Ca0,-H,0/CaC,0,-H,0) were observed. In the MC,
the modification procedure enhanced the crystallinity phase
of the material, while the disappearance of the two major
peaks identified in the RC were observed. In the MC, two
new peaks that are synonymous with anhydrite, (CaSO,) and
graphite were observed.

The mineralogical assemblage and the crystallinity of the
ZnO-composites (Fig. 2 a-c) showed that the composites are
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Fig.1 a The SEM image of RCZ composite, b The SEM image of
MCZ composite, ¢ The SEM image of CFZ composite

mosaic of amorphous and crystalline phases. The diffracto-
grams presented in Fig. 2 b-d showed the prominence of zin-
cite peaks at 20 values of 31.85°, 34.46°, 36.26° and 47.61°,
while the presence of other zinc minerals (e.g., sphalerite

@ Springer

Table 1 The textural properties of the composite materials

Parameters RCZ MCZ CFzZ
i) BET Surface Area(m?g) 602.07 318.20 371.94
ii) t-Plot external surface area 602.07 318.20 371.94
iii) DR Micropore volume (cm?/, 2) 0.24 0.11 0.15
iv) Average Pore width (nm) 6.30 6.67 6.03
v) Adsorption energy (kJ/mol) 4.13 3.90 431
vi) DR Micropore surface area (mz/g) 667.83 30991 411.44

vii) DFT cumulative Pore volume (cm?/ g) 0.18 0.08 0.11
viii) DA Pore Diameter (nm) 2.92 3.04 2.88

and zinc) were also detected. Considering the prominence
of the ZnO crystalline peaks, it could be inferred that the
semiconductor constituent is the major crystalline phase of
the composite.

The result of the pHp, for the different composites are
presented in the SIFig. 3 a-c, and the pHp, values for RCZ
was 8.3, MCZ was 7.2 and CFZ was 8.1.

Determination of Cr(VI) removal efficiency
The role of adsorption in Cr(VI) removal

The adsorption efficiencies of the precursors that constitute
the composites for Cr(VI) was determined at a fixed Cr(VI)
concentration (50 mg/L) and agitation time (2 h). The MC
exhibited the highest affinity for Cr(VI), with adsorption effi-
ciency of 17.52 mg/g (i.e., 70.5% removal), while the other
precursors (i.e., CF, RC and ZnO) showed poor affinity for
Cr(VI), each with less than 5% removal efficiency.

The adsorption efficiencies of the composites (i.e., MCZ,
RCZ and CFZ) for Cr(VI) at different initial Cr(VI) concen-
trations that ranged between 10 and 50 mg/L and fixed time
(2 h) were investigated under solar illumination, and in the
dark, each without the hole scavenger. The time-concen-
tration profiles of the adsorption of Cr(VI) from aqueous
solution using the different ZnO-composites are presented
in SI Fig. 4 a-f. In both cases (i.e. in the dark and under solar
illumination without hole scavenger), appreciable amount of
the Cr(VI) was removed and the percentage Cr(VI) removal,
which was initial concentration dependent, ranged between
48 and 71%. The amount of Cr(VI) removed per gram of the
composite material (q, mg/g) increased with increasing ini-
tial Cr(VI) concentration (SI Fig. 4 a-f). In order to evaluate
the rate of adsorption and other rate dependent parameters,
under the two reaction conditions, the time-concentration-
profile data, obtained at different initial Cr(VI) concentra-
tions, were analyzed with pseudo first order and pseudo
second order kinetic Equations.

The pseudo first order Equation (Eq. 1), which describes
liquid—solid phase adsorption systems is the earliest known
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Fig.2 a The X-ray diffracto- 250

gram of the RCZ composite, a
b The X-ray diffractogram of
the MCZ composite, ¢ The 200
X-ray diffractogram of the CFZ
composite —
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kinetic equation that provided insight into the adsorption
rate based on the adsorption capacity (Lagergren 1898).
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log(q, - q,) =log(q.) = 3353

where, g, and g, are the adsorption capacity at equilibrium
and at time, ¢, respectively (mg/g). k, is the rate constant of
pseudo first-order adsorption.
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The pseudo-second-order kinetic equation (McKay 1984)
(Eq. 2) describe chemisorption as well as ion exchange reac-
tion mechanisms.

t 1 1

— +—t
qu 9

e

@

@ Springer



80550

Environmental Science and Pollution Research (2023) 30:80545-80558

where, ¢., g,, and ¢ have the same meaning as explained
above and k, is the overall rate constants of pseudo-second-
order sorption (g(mg/min)).

The results of the kinetic analysis (Tables 2 and 3) showed
that the pseudo-second-order kinetic equation fitted the pro-
cess of Cr(VI) adsorption by the composites better (r*>0.99)
than the pseudo first order kinetic equation (r* < 0.93). The
pseudo second order equilibrium sorption capacity, ¢, and
the overall rate constant of pseudo second (k,) parameter
increased with increasing initial Cr(VI) concentrations. At
initial Cr(VI) concentration (mg/L) that ranged between
10.25 and 54.42: the q.(mg/g) values ranged between 3.67
and 18.21 for MCZ, 2.53 and 17.61for RCZ, and 2.67 and
17.67 for CFZ; the values of k, (g(mg/min)) ranged between
0.29 and 10.56 for MCZ, 0.45 and 18.93 for RCZ, and 0.43
and 19.52 for CFZ. The better fitting of the pseudo second
order kinetic equation to the time-concentration profile data

is an indication that the adsorption of Cr(VI) by the differ-
ent composites occurred via chemisorption or ion exchange
mechanism.

The photoredox reaction

The photoreduction efficiencies (PE%) of the ZnO-compos-
ites were evaluated under solar illumination. At an initial
Cr(VI) concentration of 53.17 mg/L, the PE% values were
90.54 for MCZ, 85.18 for RCZ and 86.13 for CFZ under
solar illumination. In the dark, (i.e., without solar illumina-
tion) the PE (%) values obtained were 66.96 for MCZ, 64.73
for RCZ and 64.88 for CFZ. The results obtained from these
studies showed that the contribution of adsorption to the
PE (%) was significant, and the synergistic effects of both
photoredox reaction and adsorption underlie the process of
Cr(V]) attenuation in the synthetic feedwater system during

Table 2 Kinetic parameters of
the Cr(VI) adsorption process

Pseudo 1% order parameters

Pseudo 2" order parameters

in the dark Initial Conc. q,; (mg/g) K, (g/(mg min) R? qep (mg/g) K, (g/(mgmin)) R?
(mg/L)
MCZ
10.25 1.44 0.0316 0.957 3.67 0.2931 0.9969
20.94 3.02 0.0352 0.8976 7.22 0.2616 0.9947
54.42 5.26 0.0147 0.9016 18.21 10.5577 1.000
RCZ
10.25 1.28 0.0355 0.966 2.53 0.4534 0.999
20.94 2.75 0.0461 0.9719 5.90 0.2756 0.9967
54.42 5.26 0.0316 0.6405 17.61 18.9333 1.000
CFzZ
10.25 1.09 0.0451 0.9845 2.67 0.4248 0.9988
20.94 241 0.0283 0.9466 6.10 0.2527 0.9954
54.42 7.79 0.0263 0.9628 17.67 19.5172 1.000
Table3 Kinetic pa.rameters of Pseudo 1% order parameters Pseudo 2" order parameters
the Cr(VI) adsorption under
solar illumination without hole Initial Conc. q,; (mg/g) K, (g/(mg min) ? qep (mg/g) K, (g/(mgmin)) ?
scavenger (mg/L)
MCZ
10.89 1.79 0.0276 0.9532 3.97 0.1967 0.9919
19.63 3.25 0.0313 0.9532 6.93 0.2140 0.9938
51.08 1.40 0.0164 0.7242 16.92 3.3771 0.9999
RCZ
10.89 1.07 0.0426 0.9985 2.89 0.4673 0.9993
19.63 3.62 0.0322 0.9341 5.94 0.1410 0.9868
51.08 1.08 0.0502 0.8667 16.50 4.3913 1.0000
CFzZ
10.89 1.03 0.0373 0.9682 3.04 0.4213 0.9999
19.63 3.69 0.0439 0.9331 6.10 0.1821 0.9938
51.08 1.52 0.0408 0.8905 16.58 5.6887 1.0000
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the photoredox reaction. The synergistic effect was induced
by the favourable adsorptive surface created by the ZnO-
composites, which promoted the adsorption of Cr(VI) for
the subsequent occurrence of photoredox reaction.

The influence of the different constituents of the react-
ing mixture (i.e., the photocatalyst and the hole scavenger)
on the PE (%) was evaluated by conducting the photoredox
reaction under solar light illumination, with and without the
hole scavenger, and with the hole scavenger alone but with-
out the photocatalyst. The PE (%) exhibited by the different
ZnO-composite photocatalyst was 66.45% for MCZ, 64.55%
for RCZ, and 64.87% for CFZ, without the hole scavenger.
The PE(%) in the presence of hole scavenger, without the
photocatalyst, was 7.88%, which accounted for the poor
effect of photolysis on the Cr(VI) reduction. The removal of
Cr(V]) in the presence of the hole scavenger alone, sunlight
illumination, and without the ZnO-composite, was negligi-
ble despite the fact that the hole scavenger used (i.e. oxalic
acid) has been reported to be sacrificial donor (i.e. a reducer)
(Mytych et al. 2005).

The UV-visible spectra that shows the time-concentration
profiles of the photoreduction of Cr(VI) by the photocata-
lysts are presented in Fig. 3 a-c. The plot of the time-con-
centration profiles at different initial Cr(VI) concentration
(i.e.,9.77,22.43, and 53.17 mg/L) are presented in Fig. 4
a-c. The value of the PE (%) reduced with increasing initial
Cr(VI) concentration, and the MCZ composites gave higher
PE (%) values than the other two composites at the different
initial Cr(VI) concentrations (Table 4).

At the lowest initial Cr(VI) concentration (i.e.,
9.77 mg/L), the PE(%) values for the different ZnO-com-
posites ranged between 88.70 and 95.04, while at the highest
initial Cr(VI) concentration (i.e., 53.17 mg/L), the PE(%)
values ranged between 85.18 and 90.54. The process rate
parameters, derived from the fitting of the time-concentra-
tion profile data to the pseudo first order kinetic Equation
(Eq. 2), at the different initial Cr(VI) concentrations are as
presented in Table 4.

The corresponding half-lives (t,,) values were calculated
using Eq.3 .

[Cr(vy|
NGy et @
n2
tyyp= T 3)

red

The k,,, value was calculated from slope of the plot of In
(Cy/C) versus time (t), where C,, and C denote the Cr(VI)
concentrations at t=0 and t=t, respectively, t,,, stands for
the half-lives of Cr(VI) reduction.

Premised on the values of the r* obtained (>0.9) at the
different initial Cr(VI) concentration, the pseudo first order

kinetic Equation fitted the time-concentration profiles of
the photoreduction process (Table 4). While the k,,, val-
ues reduced with increasing initial Cr(VI) concentrations,
a reverse in trend was observed with the half-lives (t,,) of
Cr(VI) reduction (Table 1). The dependency of the K, val-
ues on the initial Cr(VI) concentration was ascribed to the
rate of reaction and magnitude of the reactive species gener-
ated on the photocatalyst surface. The extent of interaction
between these active reactive species and the aqueous phase
Cr(VI) oxoanion at the different initial Cr(VI) concentration
is also a factor (Konstantinou and Albanis 2004). At higher
initial Cr(VI) concentration, the propensity of the ZnO-com-
posite photocatalyst to generate active radicals is inhibited
because the Cr(VI) occupies more adsorptive sites on the
photocatalyst surface. It has also been postulated (Konstan-
tinou and Albanis 2004) that at higher initial substrate con-
centrations, significant absorption of the irradiated light by
the substrate molecules occurs in the aqua matrix, rather
than the absorption by the photocatalyst, thereby retarding
the photoreduction efficiency. Thus, the magnitude of both
the photoinduced electron—hole pairs and their correspond-
ing oxygen active radicals are significantly reduced at this
higher substrate concentration.

In order to establish the occurrence of the transformation
of Cr(VI) to Cr(IIT) during the photoredox reaction, the con-
version of Cr(VI) to Cr(III) under solar illumination, with
hole scavenger, was evaluated using a simple qualitative test
that include the addition of excess sodium hydroxide solu-
tion to the treated water obtained from the photoreduction
reactions (Celebi et al. 2017; Badhe et al. 2018). After the
photoredox reaction, the aqueous solution was treated with
an excess amount of NaOH solution with and without heat-
ing. The change in colour of the treated water containing
Cr(III) to a light-greenish colour was observed (Fig. 5 (3)).
In the second qualitative test for the detection of the pres-
ence of Cr (III), the mixture was heated after the addition of
NaOH and the solution turned greenish due to the formation
of hexahydroxochromate (III) (Fig. 5 (4)).

The effects of process variables
on the photoreduction process

Since the aqueous system pH value influences the charge
on the photocatalyst particles, size of catalyst aggregates
and the positions of the conductance and the valence bands
(Chong et al. 2010), the influence of the initial solution
pH value on the PE (%) values were evaluated between
the initial Cr(VI) solution pH of 4 and 10. Within these
initial solution pH values studied, the solution pH value
had minimal effects on the PE (%) values of the MCZ,
while no effects was observed for the other two composites
(Fig. 6). For the MCZ, the PE values slightly reduced from
a value of 94% at the lowest pH value (4.22), to a value of
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Fig.3 a Time-concentration
profiles of the photoreduction of
Cr(VI) using MCZ composite,

b Time-concentration profiles
of the photoreduction of Cr(VI)
using RCZ composite, ¢ Time-
concentration profiles of the
photoreduction of Cr(VI) using
CFZ composite
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86% at the highest initial pH value (10.06). The determina- of the Cr(VI) solution ranged between 4 and 10, the final
tion of the final pH value after the photoreduction process  pH values ranged between 2 and 5.

showed that the added constituents of the reacting mixture The elucidation of the pH dependent Cr(VI) spe-
(i.e., the hole scavenger and the photocatalyst) altered the  ciation, using the hydrochemical equilibrium data of
operating pH value. While the initial solution pH values Cr(VD) in MEDUSA (Make Equilibrium Diagrams Using

@ Springer
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Sophisticated Algorithms) and HYDRA (Hydrochemical
Equilibrium Constant Database) software (http://www.kemi.
kth.se/medusa/) showed that the Cr(VI) exist in the follow-
ing forms: HCrO,~; Cr,0,°~; H,CrO, (@ pH<6.627) and
Cr0O,* (@ pH *6.627). Considering the final pH value of
the reacting mixture, which ranged between the values of 2
and 5, it could be posited that the limited influence of the
varying initial solution pH value could be attributed to the
similarities in the aqueous phase Cr(VI) species, within the
operating pH window.
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Amongst the anionic interference investigated, only the
presence of carbonate (CO32_) and nitrate (NO;") vitiated
the PE (%) value in both the MCZ and RCZ (Fig. 8), while
only CO32‘ negatively impacted the PE (%) in the CFZ
composite. The impact of the interfering anions increased
with increasing anionic species concentration (Fig. 8).
The negative impacts of these interfering anions could
be ascribed to the fact that these two anionic species are
also susceptible to being photo reduced by the ZnO-com-
posites, which placed them in competitive position with
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Table 4 Photoreduction efficiency and first-order rate parameters of
Cr(VI) reduction

Initial Cr(VD)  PE(%)  K,q tin 1
Conc. (mg/L) (min.”")x 1072
MCZ
9.77 95.04  0.0053 130.78 09167
22.43 91.90  0.0104 66.65 09135
53.17 90.54  0.0035 198.04  0.9262
RCZ
9.77 88.70  0.0077 90.02 0953
22.43 82.16  0.0027 25672 0.9462
53.17 85.18  0.0002 346574  0.2827
CFZ
9.77 92.55  0.0065 106.64  0.7396
2243 85.83  0.0041 169.06  0.9368
53.17 86.13  0.0007 990.21  0.9845

Fig.5 Qualitative determination of the photoreduction of Cr(VI)
to Cr(III) via the formation of dark green hexahydroxochromate
([Cr(OH)6]3_) solution by addition of excess NaOH (1=raw Cr(VI)
solution; 2=treated Cr(VI) solution; 3=NaOH added at room tem-
perature; 4 =heated after the addition of NaOH)

Fig.6 Effect of initial solution
pH value on the photoreduction 120
efficiencies (%) of the composites

=
o
o

0
o

Photoreduction Efficiency (%)
Ey (2]
o o

N
o

@ Springer

Cr(V]) during the photoreduction process. Considering the
operating solution pH value range (pH*7), the existence of
all the CO32_ species is feasible in the Cr(VI) solution but
the species that predominates are H,CO5;, HCO;™ and CO,.
These carbonate species are susceptible to photoreduc-
tion to different organic species (e.g., HCOOH, HCHO,
CH;0H CH, and CH;0H) and carbon (II) oxide (CO). For
the NO;™, a sequential reduction to nitrogen gas is also
possible. Thus, the synchronous photoreduction of Cr(VI)
and the interfering aqua phase CO32_ and NO;™ species
caused a negative impact on the overall PE (%) of the
Cr(VD) to Cr(Il) (Fig. 7).

The difference in the ionic strength of the reacting mix-
ture had no visible impact on the PE (%) of the composites
(Fig. 8). Despite the variation in the ionic strength of the
Cr(VI) solution from a value of 0.05 mol/L to 1 mol/L, the
PE (%) values ranged between 87 and 95% for all the com-
posite. The influence of organic load, simulated with humic
acid, had no appreciable impact on the PE (Fig. 9). Irrespec-
tive of the initial HA concentration, the PE (%) values were
at par with the system spiked with 0% HA.

Performance efficiencies of composites
in groundwater system

The PE (%) value of the three ZnO-composites were evalu-
ated in groundwater spiked with Cr(VI) concentration of
54.1 mg/L. Although, a slight decrease in the PE (%) val-
ues of the different ZnO-composites were obtained in the
groundwater system, but the PE (%) values were compa-
rable with what obtained in the synthetic feedwater system
at 53.17 mg/L Cr(VI)) concentration. In the groundwater
system, the PE(%) values obtained were 90.3 for MCZ, 71.0
for RCZ and 79.0 for CFZ, while in the synthetic feed water
system, the PE (%) values were 90.5 for MCZ, 85.2 for RCZ,
and 86.1 for CFZ. The slight decrease in the PE(%) val-
ues of the composites in the groundwater system could be

EMCZ mRCZ mCFZ

. 10
Initil pH value
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Fig. 7 Influence of anionic 120
interference on the photoreduc- a
tion efficiencies (%) of the com-
posites (A=MCZ, B=RCZ,
C=MCZ)
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attributed to the multicomponent nature of the groundwater,
which created an antagonistic effect on the photoredox pro-
cess. The antagonistic effects of the presence of CO32‘ and
NO,™ on the PE (%) values of the composites were affirmed
when the effects of interfering anionic species were evalu-
ated (Fig. 7).

The evaluation of the effects of the photoredox process
on the physicochemical characteristics of the treated water
showed that the pH value of the treated water was negatively

m10mg/L ®50mg/L m 100 mg/L

d Interferrng anionsN03 Raw Sample

m 10 mg/L 50 mg/L m 100 mg/L

cl NO3 Raw Sample

Interferring anions
m 10 mg/L

m 50 mg/L m 100 mg/L

cl NO3

Interfering anions

Raw Sample

impacted by the photoreduction process (Fig. 10). While
the pH value of the groundwater spiked with Cr(VI) was
6.5, the trend in the pH values of the treated with the differ-
ent composites were 3.4 for MCZ, 3.3 for RCZ, and 2.7 for
CFZ. The significant decrease in the pH value of the treated
water could be attributed to the acidic hole scavenger (i.e.,
the oxalic acid) added to the reacting mixture.

The comparison of the electrical conductivity (EC ps/
cm) of the groundwater spiked with Cr(VI), with that of the
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Fig. 8 Effect of solution ionic
strength on the photoreduction
efficiencies (%) of the compos-
ites
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Fig. 10 Comparison of the
physicochemical characteristics 2
of treated and untreated ground-
water spiked with Cr (VI) 7

Performance Efficiency

treated water using the three ZnO-composites showed that
the photoreduction process had significant impact on the
ionic constituents of the treated water. The EC (ms/cm) of
the raw groundwater spiked with Cr(VI) (at 54.15 mg/L) was
0.4926 (ms/cm), while the EC (ms/cm) values for the treated
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waters were 2.215 (MCZ), 2.678(RCZ) and 4.588(CFZ). The
astronomical increase in the EC values could be ascribed
to the leaching of inorganic ionic species from the photo-
catalyst composites into the water matrix, which induced
the substantial EC (us/cm) increase. An evaluation of the
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TDS (g/L) showed a similar trend in the value with that of
the EC (ms/cm) values. A significant increase in the TDS
(g/L) value was observed, when compared with the untreated
raw GW spiked with Cr(VI) (TDS =0.25 g/L), and the CFZ
produced treated water with the highest TDS (2.3 g/L)
value, while the MCZ produced water with the lowest TDS
(1.1 g/L) value. The increase in the TDS value was attrib-
uted to the possible leaching of some of the constituents of
the photocatalysts into the treated water matrix, which also
impacted the values of the EC (ms/cm).

Conclusion

The comparison of the surficial architecture of the different
ZnO-composite materials with the precursors showed that the
precursors were incorporated into each other to produce new
materials with different surficial architecture from the precur-
sors. The mineralogical assemblage and the crystallinity of
the ZnO-composites showed that the composites are mosaic
of amorphous and crystalline phases. The contribution of
adsorption to the PE (%) was significant, and the synergistic
effects of both photoredox reaction and adsorption underlie
the process of Cr(VI) attenuation in the synthetic feedwater
system. Although, a slight decrease in the PE (%) values of
the different ZnO-composites were obtained in the groundwa-
ter system, but the PE (%) values were comparable with what
obtained in the synthetic feedwater system at 53.17 mg/L
Cr(VI)) concentration. Some of the physicochemical char-
acteristics (e.g., pH, EC, TDS) of the treated groundwater
using the ZnO-composites were negatively impacted to dif-
ferent degrees. Considering the promising performance effi-
ciencies exhibited by the different ZnO composites prepared,
it is recommended that the method of synthesis should be
optimised for optimal performance, and to preclude some
of the challenges identified with the treatment of the Cr(VI)
spiked groundwater. A microcosm comprehensive real-life
study should be conducted to enable the derivation of the
process operational parameters for field applications.
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