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Abstract

The safe application of nanoparticles in water treatment processes is a growing concern globally, making the utilisation and
deployment of appropriate support materials necessary. Hydrothermally synthesised -FeOOH nanoparticles were incor-
porated into the polyamide matrix via an in-situ method to fabricate catalytic composites. The materials elucidation was
effected using SEM, TEM, ATR-FTIR, XRD and nitrogen adsorption—desorption. The heterogeneous catalytic property of
the B-FeOOH/polyamide nanocomposites was evaluated in an aqueous ozonation system with 4-chlorophenol (4CP) as the
target organic pollutant. Aliquots were drawn at different time intervals and analysed by LCMS-TOF. The results showed
high degradation of 4CP (98.52%) within 40 min compared with ozonation (62.94%). The degradation of 4CP under pH 3,
7 and 10 gave efficiencies of 83.56%, 90.16% and 96.01%, respectively, at 30 min. The composite exhibited excellent reuse
potential over six cycles, with no iron leaching observed at different pH conditions. The chemical oxygen demand (COD)
and total organic carbon (TOC) for natural wastewater were reduced by 54.62% and 89.22% respectively using the polymeric
nanocomposites, while the optimum treatment duration was established using ecotoxicity assessment of the treated water.
The novel composites gave excellent removal of 4CP from aqueous solutions.
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Introduction possess carcinogenic and mutagenic properties [7-11]. The

xenobiotic tendencies of the compound and its persistence

Phenol and its various derivatives have been reported to be
active endocrine-disrupting chemicals [1, 2]. Their toxicity
is related to perceived hydrophobicity, the ready formation
of free radicals, and easy localisation of substituents [3],
with adverse effects on both plants and animals [4, 5]. The
ubiquitous 4-chlorophenol (4CP) is currently regarded as a
priority pollutant due to its toxic nature and biodegradation
resistance, making it difficult to remove from the environ-
ment, especially aqueous systems [6]. It has been reported to
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in environmental matrices make it a significant pollutant of
interest to researchers in the global scientific community.

Water contamination with organic compounds such
as endocrine-disrupting chemicals (EDCs) and persistent
organic pollutants (POPs) poses challenges to conventional
wastewater treatment processes [12], especially when the
goal is possible reuse of the treated water. In the last decade,
rapid and significant progress has been made in the design of
advanced technologies and procedures for wastewater treat-
ment to eliminate pollution and increase pollutants destruction
or separation processes [13, 14]. In particular, nanoparticles,
nanomaterials, and their composites to remediate and disinfect
wastewater have gained much interest [15-22]. Iron and its
oxides (i.e. oxides, hydroxides and oxyhydroxides) are among
the plethora of nanomaterials employed in nano-based water
treatment operations. Oxides of iron possess high energy of
crystallisation and therefore form minute crystals. The high
crystallinity accounts for the high specific surface area, mak-
ing them effective sorbents and reactive oxidants [23].
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Beta iron oxyhydroxide nanoparticles (f-FeOOH), also
known as akaganéite, are among the numerous oxides of
iron. It is a non-toxic, relatively cheap, and easy to syn-
thesise anti-ferromagnetic material with high surface area
and narrow pore size distribution [24]. The catalytic prop-
erty of B-FeOOH has been established in the degradation
of organic pollutants [25, 26]. It has also been used to form
composites with other materials for enhanced catalytic per-
formance and operational resilience; these support materials
include BiVO, [27], NiO [28], TiO, [29, 30], reduced gra-
phene oxide [31], graphitic carbon nitride [32], etc. Some of
these investigations reported operational challenges during
the application processes, such as the dissolution of Fe, dif-
ficult recovery of the nanoparticles after use, and the limited
regeneration and reuse cycles [26, 28].

Polymeric nanocomposites (PNCs) are widely embraced
hybrid materials utilised to remediate and monitor waste-
water [33, 34]. Their enhanced properties include improved
membrane permeability, fouling resistance, mechanical and
thermal stability, higher adsorption, as well as photocatalytic
activities [35]. Additionally, incorporating the nanomaterials
into polymer matrices brings about some operational advan-
tages compared to the use of bare nanoparticles or other
inorganic support materials. The gains include the reduc-
tion/prevention of nanoparticles loss, ease of recovery and
regeneration for reuse, and the subsequent safeguarding of
our environment and the biota therein [36].

Herein, we report the development of novel PNC based
on hydrothermally synthesised f-FeOOH in-situ supported
on polyamide for the heterogeneous catalytic ozonation of
the organic pollutant 4CP in aqueous media. The synthe-
sised PNC eliminated Fe leaching with stability extending to
six cycles. Furthermore, toxicity output was within accept-
able limits. This novel PNC exhibited promising remedia-
tion capability for the target pollutant (4CP) and organics in
natural wastewater. Polyamide was selected as support in this
study because it possesses exceptional mechanical, abrasion,
wear, barrier, and crystalline properties [37-40]. Its excellent
hydrophilicity, as well as its thermal and chemical stability
has enabled it to be used to fabricate water treatment mem-
branes, adsorbents and catalysts [41-45]. Polyamides exhibit
good compatibility with numerous nanomaterials [46], pos-
sessing reactive sites in their chains via the active amines and
carboxylic acid groups [47] which serve as anchor points for
incorporated nanomaterials. The polymer's major advantages
are its cost-effectiveness, lightweight and enhanced load-
resistant properties [48], and several established high-yield
and relatively easy syntheses procedures [39].

From the literature search, to date only the polymer poly-
aniline has been utilised to support the f-FeOOH nanoparti-
cles in water treatment operations [24, 49]. The composites
were employed to remove Cd(IT) and Cr(VI) via adsorp-
tion processes. To the best of our knowledge, this is the first
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attempt to apply the p-FeOOH/polyamide composite in a
heterogeneous catalytic system to degrade organics. This
paper aims to present -FeOOH in a polymer matrix as a
viable composite material to suppress its leaching/dissolu-
tion during use in catalytic ozonation.

Experimental
Chemicals

The analytical grade chemicals were used as received. The
4-chlorophenol (99%), e-caprolactam (99%), 6-aminocaproic
acid (99%), FeCl;.6H,0, NH,OH (NH; content 28-30%),
HCI (99.9%), ethanol (99.5%), formic acid (98%) and HPLC
grade acetonitrile (>98%) were purchased from Sigma
Aldrich, South Africa. Air-Liquide, South Africa, supplied
the oxygen (99.998%). Daphtoxkit FM™ Magna toxicity
assay kits were obtained from Microbiotest Inc., Belgium.
Milli-Q water-18 Q (Milli-Q Academic, France) was used
for all the experiments.

Synthesis of -FeOOH nanoparticles

The p-FeOOH nanoparticles were synthesised using the
method described by Chowdhury et al. [50]. Briefly, a
400 mL water/ethanol mixture (3:7) was first adjusted to
pH 10 by dropwise addition of NH,OH, followed by add-
ing 1.62 g of FeCl;.6H,O under stirring. The final pH of
the mixture was then adjusted to be 2.0 using HCI (1 M).
The homogenous mixture was placed in a 2 L Teflon lined
pressure vessel, heated at 100 °C for 2 h and allowed to cool
down to room temperature. The supernatant was decanted,
and the residue (crystals) centrifuged, then copiously washed
with ethanol to remove residual chloride ions and subse-
quently oven-dried at 60 °C overnight. Finally, the prepared
B-FeOOH nanoparticles were stored in a desiccator.

Synthesis of -FeOOH/polymer composites

The method for the preparation of the f-FeOOH/polyamide
composites was modified from that described by O’Neill
et al. [38]. Briefly, e-caprolactam (30 g) was placed into a
50 mL round bottom flask with a magnetic stirrer and kept
in a fume hood under an inert nitrogen atmosphere. The
temperature was raised to 80 °C (internal temperature of
the round bottom flask), with a magnetic flea added and set
to a stirring speed of 1500 rpm during the polymerisation.
The requisite amounts of synthesised f-FeOOH particles
were added to give weight percentage (wt%) composites
of 0.5 wt%, 0.75 wt%, 1.0 wt% and 1.25 wt%, respectively.
After that, the temperature was increased to 150 °C. A 10
wt% (3 g) of the initiator (6-aminocaproic acid) was added,
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and the reaction was allowed to continue for 30 min. Fur-
ther temperature increases to 200 °C for 30 min, 225 °C
for 30 min and 250 °C for 5 h were carried out.

The resulting viscous polymer was poured into boiling
Milli-Q water and allowed to cool. The nanocomposite was
then chopped into small pieces using a stainless-steel knife
and washed with boiling water for 2 h. The washing was
repeated four times to remove unreacted monomers. The
thoroughly clean samples were then vacuum-dried over-
night at 80 °C. Figure 1 gives the graphical representation
for the synthesis of the p-FeOOH/polyamide composites.

Characterisation of -FeOOH nanoparticles
and polymeric nanocomposites

The infrared spectra of the synthesised materials were cap-
tured within the range of 4000-400 cm™' using a UATR Two
PerkinElmer FT-IR spectrometer (Llantrisant, UK). Nitro-
gen adsorption—desorption analysis for surface area, pore
volume and pore size was carried out for the nanoparticles
only with TriStar II 3020, Version 2.00 Unit. Powder XRD
spectra were obtained using a Bruker D8 Advance powder
diffractometer with Vantec detector and fixed divergence and
receiving slits with Co-Ka radiation. The phases were identi-
fied using Bruker Topas 4.1 software [51], and the relative
phase amounts (weight %) were estimated using the Rietveld
method. SEM images were captured with a Nova NanoSEM
230 with a field emission gun and operated at an energy
level of 5.0 keV. EDS spectrum was obtained with an Oxford
X-Max 20mm? detector, and the data was collected using
Oxford INCA software. TEM images were captured using
an FEI Tecnai 20 transmission electron microscope (FEI,
Eindhoven, Netherlands) operating at 200 kV (Lab6 emit-
ter) and fitted with a Tridiem energy filter and Gatan CCD
camera (Gatan, UK). Degassing of the samples was carried
out at 35 °C for 24 h before the measurements.

Catalytic ozonation, regeneration and leaching studies

The concentration of 4CP was set at 2x 10~ M based on prelim-
inary optimisation experiments that ensured the experimental

Fig.1 Synthesis scheme of the

duration was within a reasonable sampling protocol (60 min).
Moreover, the chosen value accounted for the cumulative
organic load of recalcitrant compounds, which would contrib-
ute to the chemical and biological oxygen demand. Theoretical
COD for 2x 10> M 4CP was calculated as 416 mg/O, L, which
was close to moderately contaminated wastewater total COD
load. Measuring the O; feed rate was done via sparging the
generated O; into 2% KI solution [52] with 27.60+0.91 mg/L
obtained, which gave the O, feed rate of 8.28 +0.27 mg/h at 20
°C. [53, 54]. Preliminary adsorption of organic substrate on the
p-FeOOH/polyamide was evaluated by dispersing 0.5 g of the
nanocomposite into the analyte solution. The mixture allowed
to attain equilibrium (t=60 min) by stirring the reactor (without
the infusion of O; gas) with samples drawn for analysis.

For the catalytic ozonation, 100 mL (2Xx 1073 M) of the ana-
lyte solution was introduced into a sintered glass reactor fitted
with a porous glass spout (porosity of 2) for the sparging of
10 mL min~! 0,/O, mixture from the O, generator (EcoTech,
model 1000BT-12, South Africa). A catalyst loading of 0.5 g
was used for each catalytic operation. Samples (1 mL) were
collected over 60 min, and the residual substrate concentra-
tions were analysed using an Ace 5 C18 column by LCMS-
TOF (Agilent 6230 TOF LC-MS-Agilent Technologies, Inc,
USA). The Agilent 1260 infinity series utilised comprised a
binary pump, an auto-sampler and an 1100 diode array detector
(DAD), operating on Mass Hunter software version 8.0. The
mobile phases were 0.1% formic acid in water and 0.1% formic
acid in acetonitrile (see SI Table S1 for the optimised gradi-
ent). The ionisation of the 4CP was carried out by electrospray
(EST) nebulised over a drying gas at 350 °C (nitrogen), with the
negative mode utilised for the ions capturing, set to -175 V for
the fragmentation voltage. The pH adjustment for the analyte
solution was made using NaOH (0.5 M) and H;PO, (0.5 M) for
the alkaline and acidic adjustments, respectively. The experi-
ments were performed under constant stirring (100 rpm) and
at an operating temperature of 20+ 1 °C.

The degradation efficiency was calculated using the
equation:

C{)—C,)

Degradation efficiency (%) = x 100% (1)
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where Co is the initial concentration of the analyte and Ct is
the concentration removed at time t (min).

The data obtained from the catalytic ozonation of the 4CP
at different pH (3, 7 and 10) were fitted into the pseudo-first-
order kinetics model following the Langmuir-Hanshelwood
model to determine the rate constant, respectively [55, 56].

CO
In= <C_t> =Kt )

where Co is the initial concentration of analytes, Ct is the
concentration removed at time ¢ (min), and K, (min~!) is the
first-order rate constant.

The used nanocomposites were immersed in 50 mL of
Milli-Q water at a temperature of 50 °C and sonicated for
30 min; the procedure was repeated twice. After that, rinsing
was done using Milli-Q water and drying in an oven at 50 °C
for 1 h. The regenerated f-FeOOH/polyamide composites
were then reused for catalytic ozonation treatment processes.

Investigation for the leaching of iron into the treated water
during application of the f-FeOOH/polymeric composites was
done at pH 3, pH 7 and pH 10. At the end of each catalytic
ozonation process, the treated water samples were drawn and
the iron levels were determined using an atomic absorption
spectrophotometer (AAS) (Perkin Elmer 3300, Germany),
with the data collected using AA WinLab Analyst software.

Toxicity studies

A toxicity bioassay was used to evaluate the possible associated
ecological risk of the wastewater remediated with the polymeric
nanocomposites. The analytical set-up included blank (control
samples) and water samples after the remediation processes.
Water flea (Daphnia magna), an aquatic crustacean, which is a
primary consumer and a significant component of zooplankters
in the ecosystem was used to assess toxicity. The acute toxicity
testing was carried out at 24 h and 48 h inhibition of the mobility
of the D. magna (ISO 6341), with a samples dilution percentile
of 100, 50, 25, 12.5 and 6.25 in each case. The experimental data
obtained were analysed using Toxrat Professional 3.2° for the
determination of the statistical significance.

Results and discussion

Characterisation of B-FeOOH nanoparticles and its
polymeric composite

TEM image of f-FeOOH (Fig. 2a) showed rod-like shaped
nanoparticles with an average diameter and length of 5 nm
and 15 nm, respectively. The ultra-small nanoparticles were
well dispersed, with a d-spacing; 7.62 A obtained from
the selected area diffraction (Fig. 2b). The EDS spectrum
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(Fig. 3) shows the elemental analysis to be 47.01%, 43.75%
and 9.24% for iron, oxygen, and chlorine, respectively. The
chlorine peaks in the spectrum and the elemental percentage
obtained suggest its presence in the hollandite channels of
B-FeOOH [57], possibly offering stability to the tetragonal
structure of the nanoparticles [58]. The captured TEM image
for the 1.25 wt% p-FeOOH/polyamide composite (Fig. 4),
shows evidence of the polymer matrix's embedded nanoma-
terials. Rod-like shapes distinctive of f-FeOOH nanoparti-
cles are present and can be seen in the composite. The SEM
image (SI Fig. 1) for the p-FeOOH shows the characteristic
surface of a mesoporous material and supports the possible
tunnel-like channels found in the nanoparticles [59].

The FTIR for the f-FeOOH nanoparticles, polyamide
and the 1.25 wt% p-FeOOH/polyamide composite captured
within 4000-400 cm™ is presented in Fig. 5a. The p-FeOOH
nanoparticles showed characteristic absorption peaks at wave-
lengths of 3339 cm™! and 1624 cm™" for O-H vibrations of
absorbed water molecules [26]. Additionally, FTIR bands due
to the vibration modes of the FeOg coordination octahedron
were observed at wavelengths of 847 cm™' and 651 cm™!
[60]. The FTIR spectrum for the polyamide is distinctive
for the material, with some prominent peaks, which include
the stretching and bending vibrations of hydrogen bonds in
amide II occurring at 3324 cm™! and 1536 cm™. A bending
vibration in the same bond of amide in mode I correspond
to the intense band at 1635 cm™!, and this band overlaps the
carbonyl group (-CO-) band located in the same region. The
observed bands at 683 cm~'and 574 cm™ are assigned to
the twisting vibrational bands of hydrogen in modes I and
II of amide, respectively. The band at 3086 cm™! represents
the intramolecular bond that occurred between the amide
and the carbonyl group (-CONH,-) in the polyamide, while
the doublet band at 2933 and 2866 corresponds to the vibra-
tional symmetrical and asymmetrical stretching of the -CH,
and —CH; groups, respectively [37]. The FTIR spectrum for
the polymeric nanocomposite was similar to that of the pure
polyamide with shift and decreased in the intensity of the
band at 3086 cm ™, representing the -CONH,- intramolecular

Fig.2 (a) TEM images of B-FeOOH nanorods (insert: SAED patterns
of the nanorods) and (b) D-spacing for the $-FeOOH nanoparticles
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Fig.3 EDS spectrum of the 3-FeOOH showing the elemental atoms (Fe and O) and CI™ atoms present inside the tunnels

bonds. The incorporated f-FeOOH nanoparticles utilising
these same positions as coordination points in the polymer
matrix may probably be the reason for the observed phenom-
enon. The nitrogen adsorption—desorption isotherm presented
in Fig. 5b shows type IV with H1 hysteresis loops associated
with mesoporous materials [61]. The Brunauer-Emmet-Teller
(BET) surface area of the f-FeOOH nanoparticles was 154.34
m? ¢!, while the Barrett-Joyner-Halender (BJH) pore volume
and pore size was 0.32 cm® g~! and 69.32 A, respectively.
The X-ray diffraction patterns obtained for the -FeOOH
nanoparticles are a characteristic match, corresponding to
the diffraction peaks of the nanomaterial (JCPDS 34-1266);
Fig. 5c. The observed weak and broad peaks are indicative
of the minute crystalline sizes, ranging in the nanometre
scale, of the nanoparticles [62]. Also, the more intense (211)
peak (compared to the 310) in the nanomaterial is indicative

Fig.4 TEM image of 1.25 wt% p-FeOOH/polyamide composite with
visible nanorods orientation in the composite matrix

of the prevalence of the rod-like shape of the crystals [63],
as confirmed by the TEM spectrum in Fig. 2a. The XRD
patterns for polyamide are well-matched with several experi-
mental patterns found in the literature [37, 43], showing the
two characteristic crystallographic forms- « monoclinic and
v pseudo-hexagonal [64]. The a-phase of the XRD pattern
of the diffraction peak can be identified at approximately
20=24.7°, while the y-phase was observed at 20.5° and 22°.
The difference in the hydrogen bonds orientations is mainly
responsible for the different polyamide polymorphs, with
the y pseudo-hexagonal phase being the product of paral-
lel chain arrangement. In contrast, the anti-parallel chain
arrangement forms the o« monoclinic phase [37]. The phase
composition of the 1.25 wt% B-FeOOH/polyamide compos-
ite largely resembles that of the polyamide, which forms its
bulk. However, identifiable peaks of the f-FeOOH nano-
particles can be observed in the diffraction patterns of the
composite at 20=27° and 35°. Also, the notable polyamide
a monoclinic peak at 20 =24.7° become broader, with a
smaller peak at 20 =23.5° observed before it, in the poly-
meric nanocomposite. This shows phase integration between
the two starting materials with the f-FeOOH nanoparticles
embedded into the polyamide matrix via the in situ poly-
merisation process.

Heterogeneous catalytic ozonation
of 4-chlorophenol

Effect of B-FeOOH/polyamide PNC particle size
Field or large-scale application of polymeric nanocompos-

ites is the ultimate goal, and this may be encouraged by
the appropriate design and nature of the composites. Our

@ Springer
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Fig.5 (a) FTIR spectra of beta-FeOOH, polyamide and the 1.25 wt% B-FeOOH/polyamide composite, (b) nitrogen adsorption—desorption
isotherm of B-FeOOH, and (c¢) XRD patterns of f-FeOOH nanoparticles, polyamide and the 1.25 wt% p-FeOOH/polyamide composite

approach to ensuring ease of field application was to opti-
mise the size of the polymeric nanocomposites by grading
them into size ranges that can be easily recovered as against
using them in powdered form. As shown in Fig. 6a, three
size grades of the 1.25 wt% B-FeOOH/polyamide were pre-
pared and tested for their degradation capabilities. In their
application for the catalytic ozonation of 2x 10 M 4CP, it
was revealed that the size range of 500-600 pm gave a bet-
ter result, with 98.52% degradation recorded after 40 min.
The other size ranges of 400-500 pm and 600—700 pm gave
92.81% and 85.84%, respectively. During the catalytic ozo-
nation operations, which were accompanied by stirring,
the 500-600 pm composites were suspended mainly in the
region where the ozone was introduced into the analyte
solution through the porous glass spout. The 600700 pm
were suspended below the entry point of ozone gas into
the reactor vessel, while the 400-500 um floated above the
ozone introduction region. The achievement of optimum
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degradation requires the stability of the catalysts in suspen-
sion in and around the reaction zone, especially considering
the half-life of the gas [26]. Composites with an average size
of 500 — 600 pm were therefore selected for further studies.

Effect of p-FeOOH loading on polyamide and the reaction
mechanism

The catalytic activity of the synthesised polymeric nano-
composites with different f-FeOOH loading (0.5, 0.75, 1.0
and 1.25 wt%) was evaluated in combination with ozone
(Fig. 6b). There was a steady increase in the catalytic activ-
ity of the nanocomposites with increasing nanoparticles
loading. The composite's 4CP removal efficiency of 98.52%
was obtained with 1.25 wt% p-FeOOH loading after 40 min,
while ozonation alone gave 62.94%. The incorporated
B-FeOOH in combination with ozone produces HO" due to
surface reactions of the hydroxyl groups on f-FeOOH with
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Fig.6 (a) Catalytic ozonation
degradation of 2x 10~ M 4CP /] 400-500 microns
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1.25 wt% B-FeOOH/polyamide, = 600-700 microns 3
(b) Degradation efficiency of
the polymeric nanocomposites
with different p-FeOOH loading 80
c
9
wid
© 60
©
©
[
o
8 40
o
o~
20
. ¢
10 20 30 40
Time (min)
100 /] Ozonation alone b
BN 0.5 wt% NP loading
B&& 0.75 wt% NP loading
E=31.0 wt% NP loading
80 I 1.25 wt% NP loading
c
9
whd
© 60
©
©
[
(o))
8 40
o
o~
20
0
20 30 40

ozone [65, 66]. The introduction of metal oxides into water
brings about a strong adsorption of water molecules [25, 67];
making the hydroxyl groups act like Brgnsted acid sites and
catalytic centres of the catalyst [68]. Ozone is unstable in
water due to its high reactivity and can undergo electrophilic,
nucleophilic or dipole reactions [66]. Ozone molecules

Time (min)

undergo reactions with the Brgnsted acid (-OH,™) formed on
the surface hydroxyl groups present in the f-FeOOH nano-
particles. Therefore, Egs. (3)—(7), supported by the literature
above, is proposed as the probable reaction mechanism for
the hydroxyl radical generation in this system. The generated
hydroxyl radicals oxidise the 4CP adsorbed on the polymeric
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nanocomposites or diffuses into the solution to oxidise the
4CP moieties present there [69]. Equation (7) proposes the
stabilisation of the catalyst by the transfer of surface radicals
to a hydroxyl group. The proposed mechanism for generat-
ing hydroxyl radical and degradation of the 4CP pollutant
is shown in Fig. 7. The 4CP degradation has been reported
to proceed via three primary, intermediate routes: catechol,
4- chlorocatechol and hydroquinone [70, 71].

FeO — OH + H,0 — FeO — OH; + OH~ 3)
FeO — OH3 + O3 = FeO — OH" + HO, )
HO, - HO' + 0, )
FeO — OH™ + H,0 — FeO — OH; + HO' (6)
FeO — OH* + OH™ — FeO — OH + HO' %

Effect of hydroxyl radical scavenger in B-FeOOH/polyamide
PNC reactions

To confirm the involvement of the HO" in the degradation
process of the analyte, methanol, a HO" scavenger (with a
rate constant as high as 9.6x 10° M~ S7!) was utilised in a
ratio of 1:50 (4CP and methanol). The result, obtained by
ozonation alone and the catalytic ozonation process, indicate
that the 4CP degradation was majorly through the oxidative

o & 0
| B-FeOOH | B-FeOOH |l

c N (3
DN D
7 | IVavavd \C/\/\/ r‘q/ H,0 |

o H o
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action of the HO". The degradation efficiency of 4CP was
significantly reduced to 25.64% as compared to 62.94% and
98.52% for ozonation and the catalysed ozonation reactions,
respectively (Fig. 8). The marked difference is accounted
for by considering that most ozone molecules infused into
the analyte solution are converted into HO" in the catalysed
reaction, thereby reducing their availability to degrade 4CP
directly. Moreover, the generated HO" are readily scavenged
by the methanol, making them unavailable for the degrada-
tion of 4CP. In a similar heterogeneous catalytic process
reported by Liu et al. [72], the degradation efficiency was
reduced to zero when methanol was added to the FeO(OH)-
reduced graphene oxide/H,0,/visible light system for 4CP
removal.

Additionally, catalyst adsorption capability enhances the
degradation efficiency of the contaminant, as their increas-
ing adsorption on the surface of the catalyst gives higher
efficiency [73, 74]. A preliminary test showed that the
nanocomposites adsorb 21% of the 2 x 10> M 4CP solution
after equilibrating for 60 min. Rapid migration of organic
to composites surfaces, followed by oxidation by generated
surface radicals, may contribute to the high oxidative deg-
radation efficiency recorded during the catalytic ozonation
process. The FTIR spectrum of the spent polymeric nano-
composites after six cycles of use (Fig. 9) was essentially
the same, except for the changes in the intensities of the
polymer characteristic absorption peaks- the amide II bend-
ing and stretching hydrogen bonds, the amide doublet band
and the amide I bending vibrations. These changes did not
significantly affect the catalytic property of the composite
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Fig. 7 The proposed mechanism for the generation of the hydroxyl radical and degradation of the 4CP pollutant
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Fig.8 Hydroxyl radicals

scavenging effects of methanol
in p-FeOOH/polyamide PNC 100
reactions

B2 Ozone alone
B2 Ozone + PNC
XYy 0zone + PNC + MeOH

% Degradation

as the degradation efficiency dropped by only 0.22% on the
sixth reuse cycle. Furthermore, the solutions obtained from
the regeneration of the polymeric nanocomposites between
each reuse cycle were analysed to check for the presence of
4CP. The regeneration solutions did not show the presence
of 4CP, suggesting that the surface adsorption of 4CP only
aided its degradation, while the effective removal was by
catalytic oxidation.

20 30
Time (min)

Effect of initial pH on B-FeOOH/polyamide PNC reactions

The pH of wastewaters undergoing remediation plays a criti-
cal role in the overall treatment output. The overall higher
degradation efficiency of the 4CP was recorded at initial
pH 10 with 96.01% removal after 30 min, compared to
the 90.16% and 83.56% obtained for pH 7 and 3 as shown
Fig. 10a. This trend is well supported by the literature as

Fig.9 FTIR spectra of pristine
and spent polymeric nanocom- Spent PNC
posites after six reuse cycles
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alkaline conditions lead to more efficient removal of 4CP
[75] due to more HO" radicals production in the solutions.
The degradation rate of the 4CP solution with different ini-
tial pH values was evaluated using the pseudo-first-order
reaction kinetics, and the duration was limited to 30 min
due to the formation of intermediates (organic acids) that
lowered the pH of the solutions [76]. The data presented in
Fig. 10b shows that the reaction rate constant (K) increased
with the increasing pH values. Values of 0.0645, 0.0665 and
0.1123 were obtained for pH 3, pH 7 and pH 10, respectively.

B-FeOOH/polyamide PNC for the remediation
of organics in natural wastewater

The final deployment of fabricated functional PNCs will
be to remediate wastewaters. Hence, we carried out inves-
tigative tests to ascertain the potential of the f-FeOOH/
polyamide composites to degrade organics in natural waste-
water. Wastewater obtained from a treatment plant in the
Boland region of Western Cape, South Africa, was treated
with ozone alone and ozone combined with the synthesised
PNC:s. SI Table S2 shows the water quality parameters meas-
ured onsite for the influent and effluent samples.

The COD and TOC levels of the influent sample (waste-
water) were determined, with 628 mg L™ and 102 mg L~!
recorded, respectively. The catalytic ozonation process
effectively reduced the COD and TOC values of the water
to 285 mg L™! (54.62% removal) and 11 mg L~! (89.22%
removal) respectively, after 60 min. Corresponding values
were 415 mg L™! (33.92% removal) and 54 mg L™! (47.06%
removal) when only ozone was used (Fig. 11a, b). The
higher removal efficiency obtained from the catalysed ozo-
nation process highlighted the potential of the f-FeOOH/
polyamide composite for its application for wastewater
remediation.

100| |[EZZpH3 a
B rH 7

[ FLED

80

60

40

% Degradation

20

10 20 30
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Regeneration and reuse of 3-FeOOH/polyamide PNC

The economic cost of any treatment method determines
to a large extent its scale of application and sustainability.
Using polymeric nanocomposites over several applica-
tion cycles without a drastic decline in their efficiencies
may lead to a viable alternative treatment option. In this
study, the f-FeOOH/polyamide composites were used over
six cycles without significantly declining its degradation
ability. Complete degradation (100%) was obtained after
60 min when the pristine composite was applied to degrade
21073 M 4CP via the catalytic ozonation process (Fig. 12).
Subsequent reuse after the regeneration cycle gave 99.73%
efficiency for the 6™ reuse. The regeneration process con-
tributed to the reactivation of the active sites, possibly due
to weak interacting bonds (physisorption) which existed
between the f-FeOOH/polyamide and the contaminant or
its degradation products. These superficial bonds were eas-
ily broken by hot water, and the active sites consequently
regenerated.

Leaching studies

A core objective of this research was to address the challenge
of reductive dissolution of the f-FeOOH, as reported by
Oputu et al. [26]. The AAS results obtained from the analy-
sis of the treated water at pH 3, 7 and 10, showed no leach-
ing activity for the nanocomposites. The polyamide matrix
provided adequate support for the p-FeOOH nanoparticles
and the leaching of iron eliminated. The in situ preparation
route for the polymeric nanocomposite might have provided
a well-blended composite, with the nanoparticles embedded
into the polyamide matrix. Generally, in situ methods pro-
vide a uniform dispersion of nanoparticles in polymer matri-
ces through enhanced interpenetrative networks which lead

3,5 b
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Fig. 10 (a) Degradation efficiency and (b) degradation rate (in bold) of 1.25 wt% B-FeOOH/polyamide utilised in combination with ozone for

the degradation of 2x 107> M 4CP at different initial pH
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Fig. 11 (a) COD and (b) TOC removal from wastewater with ozone alone and catalysed ozonation

to higher compatibility between the constituents and stronger
interfacial interactions [77]. However, as required for other
water treatment materials such as activated carbon and ion
exchange resins, the polymeric nanocomposites need to the
rinsed before usage. Minimal Fe levels of 0.2296 and 0.0476
(Fig. 13) were obtained at pH 3 and 7 when the 3-FeOOH/
polyamide composites were utilised without prior rinsing
(with Milli-Q water) before use. This suggested the presence
of a few superficial f-FeOOH nanoparticles exposed after
the composite post-polymerisation size grading. Addition-
ally, the trend in the iron levels obtained for the ‘un-rinsed’
nanocomposites is consistent with the report of more reduc-
tive dissolution and Fe leaching at acidic pH [26].

Toxicity assay of treated wastewater

Toxicity assays are highly sensitive analytical tools to assess
the environmental implications of pollutants and prove

Fig. 12 Regeneration and reuse

studies for B-FeOOH/polyam- 100
ide composites in combination

with ozone for 2x 10> M 4CP

degradation

Vo] Xe]
o (93}

% Degradation

(o]
o

1st cycle

99,99

i

2nd cycle

complementary to chemical assays for evaluating water
quality [78, 79]. Toxicity data in literature often suggest
that most wastewater treatment processes might not effec-
tively eliminate wastewaters' toxicological effect patterns or
compositions [78, 80]. The results of Daphnia acute toxicity
testing are presented in Table 1. The results obtained show a
general increase in the effective concentrations values, from
LC,, to LCj, for both the 24 h and 48 h exposures, except in
a few instances where no data was returned for the analysis.

The toxicity detection capacity in terms of the LOEC
and NOEC gave a clear picture of the quality of the various
water samples analysed. The 4CP contaminated water pro-
duced the most toxic effect against the test organisms with
LOEC and NOEC values of > 6.250 and > 6.250 percentile
for 24 h and 48 h, respectively. From the chemical analysis,
4CP was completely degraded at 1 h of the catalysed ozona-
tion process, and the degradation led to a reduction of the
solution pH to = 3 due to the breakdown of the analyte to

99,99 99,98 99,95 99,73

3rdcycle 4th cycle 5th cycle 6th cycle

Reuse cycles
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Fig. 13 Fe levels for the pre-rinsed and un-rinsed PNCs at different pH conditions

low molecular weight acids intermediates [70, 71]. Hence,
the treated water at 1 h without pH adjustment was toxic
to D. magna due to the acidic nature of the solution. The
LOEC and NOEC values were both 6.250. Comparatively,
the treated water at 1 h with adjusted pH (= 7) reduced mor-
tality of the daphnids during the exposure period with the
LOEC values of 50% and 12.5% observed for 24 h and 48 h
exposures. The NOEC values were 100% and 25% for 24 h
and 48 h, respectively.

Extension of the catalytic ozonation period for treatment
efficiency comparison purposes was carried out at 1.5 h, 2 h
and 3 h, respectively. The LOEC and NOEC values at 1.5 h
were > 100% and > 100% for 24 and 48 h respectively, indi-
cating better water quality than the treatment carried out for
1 h. Conversely, the 2 h treatment period produced a decline
in water quality. The LOEC value for the water sample was
100 and 25 percentiles for 24 h and 48 h, with NOEC val-
ues of 50 and 12.5 for 24 h and 48 h, respectively. Also, at

Table 1 Toxicity results for 4CP contaminated water and treated wastewater samples using D. magna

Water samples Assay duration LC LG, LCs, NOEC LOEC
Treated wastewater at 1 h (pH=7) 24 h 10.733 48.293 ND 100.0 50.0

48 h 7.055 17.674 102.409 25.0 12.5
Treated wastewater at 1 h (unadjusted pH) 24 h 9.530 10.034 11.072 12.500 6.250

48 h 8.206 8.425 8.861 12.500 6.250
Treated wastewater at 1.5 h (pH=7) 24 h ND ND ND >100.0 >100.0

48 h 37.387 ND ND >100.0 >100.0
Treated wastewater at 2 h (pH=7) 24 h 22.999 40.367 118.417 50.0 100.0

48 h 8.334 14.852 44.860 12.5 25.0
Treated wastewater at 3 h (pH=7) 24 h 8.811 19.839 93.720 12.5 25.0

48 h ND 3.749 24.273 6.250 12.5
4CP contaminated water (0.002 M) 24 h 4.319 4.633 5.298 <6.250 <6.250

48 h 3.561 3.875 4.556 <6.250 <6.250

LOEC Lowest observed effect concentration, NOEC No observed effect concentration, LC Effective concentration for xx% reduction, 95%-CL
95% Confidence limits, ND not determined due to mathematical reasons or inappropriate data
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Fig. 14 Cumulative immobility analysis of the D. magna for the different water samples at (a) 24 h and (b) 48 h

the 3 h treatment duration, the LOEC further reduced to 25
and 12.5, while the NOEC was 12.5 and 6.250 for 24 h and
48 h, respectively. The indicative decline in the water quality
after 1.5 h suggests excess ozone in the solution. Dehghani
et al. [81] gave this assertion in a similar nano-catalysed pro-
cess where increased toxicity was observed with time. The
excessive hydrogen peroxide in solution at the extended time
intervals was the adduced reason for the trend. The presence
of excess ozone in water systems is a potential risk to aquatic
organisms, especially the microorganisms [82]. Graphical
representation of the cumulative immobility data of the D.
magna for the different water samples at 24 h and 48 h are
given in Fig. 14a, b. The acute immobilisation analysis sup-
ports the trend discussed above for LOEC and NOEC. The
results confirmed the presence of toxic intermediates despite
the complete degradation of the 4CP in the 1 h treated sam-
ples. After the complete degradation of the parent analyte,
the treatment period should be extended for the complete
removal of intermediates formed. Therefore, toxicity assays
are important complementary tools with chemical analyses
of water and wastewaters.

Future outlook and recommendation

In the last decade, there have been numerous investigations
to synthesise plethora of nanoparticles and study their capac-
ity to be used for water treatment purposes. These quests
have produced many outputs of varying viability. However,
a paradigm shift is now being established to incorporate the
safe use of nanomaterials as a significant consideration in
nano-based water treatment processes. This arises from the
potential deposition of these nanomaterials in the water sys-
tems and the probable adverse effect that they may cause.
Our study, taking this critical view into account, sought to
use the polymer support to perform a dual role by help-
ing to prevent the leaching/dissolution of the f-FeOOH

nanoparticles during ozonation and to prevent the loss of
catalyst. A critical point in nanomaterials applications is
preventing catalyst loss during water treatment processes
and their potential deposition in the environment. The use
of appropriate matrices, such as polymers, can engender the
development of this technology. Furthermore, a conscious
effort to ascertain the quality of the treated water should
be incorporated into emerging research in this area, as the
perceived removal or degradation of the pollutant of interest
alone may be of limited value. Toxicity assays are a sensitive
analytical tool that can be used to assess the treated water
quality as well as the environmental implications.

In general, most nano-based water treatment investiga-
tions are carried out mostly as lab-scale research. The full
potential of the results can only be harnessed by deploying
the nanomaterials in real or large scale operations. In this
regard, new challenges may arise that were absent in the lab-
scale experiments; however, it will create room for further
research and improvement.

Conclusion

This investigation affirmed that polyamide can act as good
support for B-FeOOH nanoparticles. The TEM image and
XRD micrograph confirmed the incorporation of the nano-
particles in the polyamide matrix. The f-FeOOH/polyamide
nanocomposites exhibited increasing degradation capability
with increased nanoparticle loading. Significant increments
in the degradation percentages were observed in the cata-
lytic ozonation of 4CP in comparison to ozonation alone.
Catalytic ozonation proved to be optimal at pH 10 due to the
increased generation of the hydroxyl radicals in the solution.
The COD and TOC values for natural wastewater were effec-
tively reduced by 54.62% and 89.22% after 60 min by the
polymeric nanocatalyst. The PNC showed excellent reuse
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potential, with a minimal decrease in its degradation effi-
ciency over six cycles. No iron leaching was observed during
use in acidic, neutral and alkaline conditions. The toxicity
assay gave excellent insight into the treated water quality.
At the treatment duration of 1 h, when the 4CP was fully
degraded as confirmed using LCMS-TOF, the treated water
still exhibited a significant level of toxicity to the daphnids.
The 4CP contaminated water treated for 1.5 h had better
quality, with pH adjustment of the treated water found to be
necessary to reduce the mortality of D. magna. The novel
PNC gave promising remediation capability and proved
effective for the degradation of 4CP in aqueous solutions.
The use of the composites gave some operational advantages
such as prevention of nanoparticles loss, ease of recovery
and regeneration for reuse, and the subsequent safeguarding
of our environment and the biota therein.
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