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Comparing the effect of zinc oxide
and titanium dioxide nanoparticles
on the ability of moderately
halophilic bacteria to treat
wastewater

Vanessa Weber?, llunga Kamika?** & Maggy N. B. Momba**

This study evaluates the ability of moderately halophilic bacterial isolates (Serratia sp., Bacillus sp.,
Morganella sp., Citrobacter freundii and Lysinibacillus sp.) to treat polluted wastewater in the presence
of nZnO and nTiO, nanoparticles. In this study, bacteria isolates were able to take up nZnO and nTiO,
at concentrations ranging from 1 to 50 mg/L in the presence of higher DO uptake at up to 100% and
99%, respectively, while higher concentrations triggered a significant decrease. Individual halophilic
bacteria exhibited a low COD removal efficiency in the presence of both metal oxide nanoparticles
concentration ranged between 1 and 10 mg/L. At higher concentrations, they triggered COD release
of up to - 60% concentration. Lastly, the test isolates also demonstrated significant nutrient removal
efficiency in the following ranges: 23-65% for NO;~ and 28-78% for PO,>~. This study suggests

that moderately halophilic bacteria are good candidates for the bioremediation of highly polluted
wastewater containing low metal oxide nanoparticles.

Industrialisation and rapid urbanisation have resulted in the pollution of water resources, worldwide, at an
alarming rate!. In South Africa, the average rainfall of 450 mm per annum is far below the global average of
860 mm per year and the country is characterised as a water-scarce country?. Water-stressed countries are more
vulnerable to changes in water availability such as polluted water sources. Industrial wastewaters, in particular,
are a huge source of water pollution as they contain very high concentrations of several pollutants of public
health concern when disposed of in the receiving water bodies®*. Nanoparticles are also used in the produc-
tion of many consumer products including sunscreens, dye-sensitised solar cells, paints, textiles, electronics,
pharmaceuticals, drug delivery, clothing, tyres, sporting goods, as well as in diagnostics, for medical purposes
and surgery*®. Although they have beneficial properties for product development, those same properties present
uncertainty as there may be potential environmental and health risks in regard to the product development,
use and end-of-life. Several non-governmental organisations and associations have been calling for increased
research efforts to uncover the health and environmental risks of nanomaterials, while many NMs are still in
the early stages of development®. Studies of water quality in various effluents revealed that anthropogenic activi-
ties have an important negative impact on water quality”®. This is a result of inadequate wastewater treatment,
which is further characterized by important modifications of pH, DO, COD, nitrate, phosphate content, and
so forth®. Hence, a cost-effective treatment process is crucial to prevent further risks of environmental pollu-
tion, which may lead to human health problems. Several techniques have been developed in the past for the
detoxification of industrial effluents such as ion exchange, reverse osmosis, chemical precipitation, coagulation,
electrolysis processes and adsorption'®. However, due to the fact that physicochemical treatments have shown
several disadvantages, biological treatment has become the preferred option because of the ability of microor-
ganisms to significantly reduce the quantity of pollutants in aqueous solutions''~**. Even though a number of
microorganisms are known for their abilities to decontaminate wastewater'”, very few studies on the capability
of the halophilic bacteria to degrade pollutants in wastewater have been conducted". In their study, Woolard
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and Irvine'® reported that halophilic microorganisms are suitable to remove organic matter without dilution in

a biological degradation process. Not only can these microorganisms survive and grow under extreme condi-
tions, but usually, they require these conditions for survival and growth'”. Of these microorganisms, moderate
halophiles thrive in habitats with moderate salt concentrations (3-15% NaCl), but can also grow under extreme
conditions'®. The present study, therefore, aimed at evaluating the ability of selected moderately halophilic
bacterial isolates to treat polluted wastewater in the presence of nZnO and nTiO, nanoparticles. This study was
conducted in laboratory-scale reactors.

Materials and methods

Test organisms. The moderately halophilic bacteria were isolated from brine samples collected at the
Emalahleni Water Reclamation Plant. The halophilic bacteria isolated were Serratia sp., Bacillus sp., Morganella
sp., Citrobacter freundii and Lysinibacillus sp. Isolation and enrichment of halophilic bacteria were performed
using halophiles moderate (HM) medium with and without agar. The HM with agar was supplemented with 98 g
NaCl, 2 g KCl, 1 g MgSO,-7H,0, 0.36 g CaCl,-2H,0, 0.06 g NaHCO;, 0.24 g NaBr, 1 g FeCl;-6H,0, 10 g bacto
tryptone (Difco), 1 g glucose and 20 g agar per 100 mL". The media were autoclaved (121 °C for 15 min) and
thereafter incubated overnight at 37 °C. Only media, which showed no growth were used. To isolate halophilic
bacteria, 1 mL of the brine sample was added to an Erlenmeyer flask containing 50 mL of HM liquid medium.
After incubation in an orbital shaker (shaking speed of 100 rpm) at 37 °C for 30 min, 1 mL of supernatant was
added to 9 mL of sterile saline water (0.85%) for serial dilutions and plated on a Halobacillus medium (HbM)
agar at pH 7.5 and later incubated at 37 °C overnight. Phenotypic characterisation of each isolate was done based
on morphological, physiological and biochemical tests.

Sample collection and preparation of modified wastewater mixed liquor. The municipal waste-
water samples were collected between February and April 2017 from the primary settling tank of the Daspoort
Wastewater Treatment Plant (a domestic wastewater plant situated in the centre of Pretoria/South Africa). Prior
to filtration, the samples were allowed to settle for 2 h, then filtered using Whatman No. 1 filter papers (Sigma
Aldrich, SA) to remove biomass and other suspended solids. The filtered sample profile was determined in terms
of the chemical oxygen demand (COD) using closed reflux methods according to the standard methods (APHA,
2001), dissolved oxygen (DO) and pH using a pH probe (Model: PHC101, HACH) and DO probe (Model:
LDO, HACH). The Zn and Ti concentrations were determined from pre-acidified samples using the inductively-
coupled plasma optical emission spectrometer (ICP-OES) (AMETEK-Spectro Analytical Instruments GmbH &
Co., Kleve, Germany).

To prepare the modified wastewater mixed liquor media, wastewater samples with concentrations of Zn and
Ti less than 1 mg/L were used. The chemicals such as C;,H,,0;; (20 mg/L, sucrose), NaCl (40 mg/L), KNO,
(0.18 g/L) and MgSO,-7H,0 (0.5 g/L), used as nutrient and carbon sources for the growth of the moderately
halophilic bacteria, were considered?®.

Characterisation of commercial ZnO and TiO, nanoparticles. Prior to use, commercial ZnO and
TiO, nanoparticles with < 100 nm particle size purchased from Sigma-Aldrich (South Africa) were characterised
in terms of morphology, particle size and chemical composition using a high-resolution transmission electron
microscope (TEM, JEOL-JEM 2100), which operates at 200 kV. The TEM analysis involved the fixation-penetra-
tion of nanoparticles; the fixative was allowed to slowly trickle down the side of the tube, whereupon the samples
were dried at room temperature before the TEM examination. The TEM analysis was performed with a scanning
TEM (STEM) system for dark-field and bright-field analysis, selected area diffraction analysis and equipped
with an Oxford Inca energy-dispersive silicon-drift X-ray (EDX) spectrometer for compositional analysis. Image
acquisition was performed with a Gatan Orius™ bottom mount, 14-bit, 11-megapixel CCD camera.

Preparation of ZnO and TiO, nanoparticle culture media. The ZnO and TiO, nanoparticle culture
media were separately prepared with sterile Milli-Q water at a concentration of 1000 mg/L. From each stock
solution, aliquots of specific volumes corresponding to the final nZnO or nTiO, concentrations of the working
solutions (of 1, 5, 10, 20, 50, 100, 150 and 200 mg/L) were added to each sterile 250 mL flask containing the
modified mixed liquor to obtain a final volume of 100 mL and the pH was adjusted to pH 7, using 1.0 M HCl and
1.0 M NaOH (Merck, SA). The use of nanoparticles at concentrations higher than those found in the environ-
ment (usually in pg/L)?! was due to their lack of effects or impacts on the target isolates during our preliminary
analysis (results not reported). To confirm the initial concentrations of nZnO and nTiO, in the modified waste-
water mixed liquor medium containing ZnO and TiO, nanoparticles, ICP-OES (AMETEK-Spectro Analytical
Instruments GmbH & Co.KG, Germany) was used. The culture medium was autoclaved at 121 °C for 15 min and
cooled down to room temperature prior to use. A 1 mL aliquot was plated onto the sterile bacteriological agar
and plates were incubated at 30 °C for 24 h to check the sterility of this medium. Only flasks containing the sterile
media were inoculated with a known population of the respective test organism isolates. The experimental study
was performed in triplicate for each sample to determine the stress effects of nanoparticles on bacterial isolates.

Experimental study on bioremediation. The experimental study series to determine bioremediation
potential were conducted in separate batch reactors, which consisted of 250 mL Erlenmeyer flasks containing
100 mL of the culture media as described by Weber et al.?°. The culture media were aseptically inoculated with an
overnight grown halophilic bacterial isolates (10> cfu/mL). In order to control possible contamination, a culture
medium mixed with nanoparticles only and another culture media free of nanoparticles but inoculated with bac-
terial isolates were used as negative and positive controls, respectively. All the batch reactors were later incubated
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| Sample 1 [Sample2 |Sample3 [Mean [SD  |SA/EPA standard
Conc. (mg/L)
pH 7.33 7.77 7.37 7.49 0.187 |5.5-9.5
COD [25450  |25060 |25370 | 25293 |1.556 |75.00
DO  |038 0.24 0.28 030 | 0.053
Ag 1.12 1.13 1.13 1.13 0.004 |5
Co 0.37 0.37 037 037 0000 |0.05
Cu 0.77 0.73 0.73 074 0018 001
Fe 0.96 0.94 0.97 096 | 0011 |10
Na 53.91 53.57 56.29 54.59 1.133 | 100
S 25.17 25.03 25.47 2522 |0.164 |200
Ti 1.02 1.02 1.02 102 |0.000
Zn 0.41 0.42 0.42 0.42 0.004 |0.10
As 0.63 0.64 0.64 064 |0.004 |1
Ba 0.11 0.11 0.11 011 | 0.000
Ca 65.97 65.46 60.41 6394 |2358 |32
K 15.67 15.56 15.73 15.65 0.062 |50
Li 0.10 0.10 0.09 010 | 0.004
Mg  |3259 33.19 30.53 3211 | 1.049 |30
Pb 1.93 2.00 191 1.95 0.036 |0.01
Sr 0.23 0.23 0.23 023 |0.000

Table 1. Profile of the wastewater samples from Daspoort Wastewater Treatment Plant. SA South Africa, EPA
Environmental Protection Agency.

for five days at a temperature of 30 °C and a shaking speed of 100 rpm. A daily assessment of isolates” abilities
to tolerate the presence of nanoparticles and to remove COD, DO, nitrate and phosphate, were performed. The
aliquot samples were filtered using 0.45 pum syringe and the concentrations of nZnO and nTiO, were determined
using the ICP-OES (AMETEK-Spectro Analytical Instruments GmbH & Co.KG, Germany). It is worth noting
that all of the analyses were carried out in triplicate.

Statistical analysis. The data were statistically analysed using STATA V13 statistical software. One-tailed
T-test was used to was performed to compare the interactions between nZnO and nTiO, and the bacterial iso-
lates in all laboratory batch reactors under various operating conditions (COD, pH, phosphate and nitrate) were
also analysed. The interpretation was performed at 95% confidence limit.

Ethics approval. This article does not contain any studies concerned with the experiment on human or
animals.

Results

Profile of the wastewater mixed liquor samples. During the study period, the wastewater samples
were analysed prior to the preparation and inoculation of the halophilic bacterial isolates. In general, the samples
contained a variety of chemical elements such as Ag, Co, Cu, Fe, As, Ba, Li, Ni, Pb and Sr at concentrations of
<2 mg/L, but the concentrations of Na, S, Ca, K and Mg were found to be higher than 15 mg/L.

The Zn and Ti concentrations in the wastewater mixed liquor were <1 mg/L, the dissolved oxygen in the sam-
ples ranged between 0.24 and 0.38 mg/L, while the pH values of the wastewater mixed liquor ranged between 7.33
and 7.77. The average COD concentrations of the samples ranged from 250.6 to 254.5 mg/L. Table 1 summarises
the profile of wastewater samples; although the chemical elements appeared to have different concentrations,
they did not show a statistically significant difference (p>0.05).

Characterisation of commercial zinc oxide and titanium dioxide nanoparticles. The TEM
images of commercial nanoparticles revealed uneven shapes (oval, stretched, circular or even irregular shape)
and sizes for both nZnO and nTiO, with the irregular shapes being the main shape for both nanoparticles
(Fig. 1). Furthermore, the average crystallite sizes were determined for both nanoparticles, with nTiO, appear-
ing to be wider than nZnO. The particles’ average size distributions were found to range from 25 to 100 nm and
3-30 nm for nZnO and nTiO,, respectively. This observation is in line with the manufacturer’s specifications,
which state that particles should be less than 100 nm in size while, not supplying the size distribution, as well as
the prevailing size. The TEM images depicted in Fig. 1, shows that these particles were prone to agglomeration.
Further analysis of chosen areas revealed the presence of titanium up to 43% and oxygen up to 31% by weight of
dried sample on copper grid, confirming the nanoparticles’ composition as nTinO,. Similar observation was also
observed with zinc up to 50% and oxygen up to 18% confirming the presence of nZnO.

Scientific Reports |

(2021) 11:16969 | https://doi.org/10.1038/s41598-021-96413-5 nature portfolio



www.nature.com/scientificreports/

Figure 1. TEM images of zinc oxide and titanium dioxide nanoparticles.

Effect of nZnO and nTiO, concentrations on pH in culture media inoculated with halophilic
bacteria. Figure 2A,B illustrate the pH variations during the exposure of halophilic bacteria in wastewater
mixed liquor media containing various concentrations of zinc oxide nanoparticles. Regardless of the bacte-
rial isolates, in general, the exposure time and nZnO concentrations played a major role in the decrease in
pH. Although the critical concentration was at pH 7, an increase in nZnO concentrations from 10 to 50 mg/L
triggered a progressive decrease in pH in wastewater mixed liquor inoculated with Serratia sp. After a sudden
increase in pH that occurred at nZnO concentrations ranging between 100 and 200 mg/L, a progressive decrease
in pH was observed throughout the remaining exposure time. For this isolate, the pH of the culture media
ranged between 7.86 and 7.98 during the study period.

Culture media inoculated with Bacillus sp. and Morganella sp. exhibited a similar pH pattern characterised by
a progressive decrease in pH values with increasing nZnO concentrations. The pH values ranged between 7.38
and 7.68 and between 7.38 and 7.72, respectively. Irrespective of nZnO concentrations in wastewater mixed liquor
media inoculated with Citrobacter freundii, higher pH values were recorded during the first 2 days of exposure,
which progressively decreased during the remaining exposure time. For this isolate, the pH of the culture media
ranged between 6.28 and 7.70.

Wastewater mixed liquor culture media inoculated with Lysinibacillus sp. were characterised with a pH value
of 8.01 in the presence of 1 mg/L nZnO, which progressively decreased as the nZnO concentrations increased
throughout the exposure period. Moreover, fluctuations could be observed, which resulted in a pH range of
7.12-8.01. As to the culture media inoculated with the consortium of halophilic bacteria, various nZnO con-
centrations triggered higher pH values within the first day of exposure. Thereafter, a progressive decrease in
pH associated with some fluctuations occurred during the remaining exposure time and the pH values ranged
between 7.23 and 7.98.

As shown in Fig. 2B, the presence of nTiO, triggered four different pH activities in wastewater mixed liquor
culture media, which were found to be dependent on the particular halophilic bacteria inoculated. It is important
to point out that, regardless of the concentrations of nTiO, in the culture media or the inoculated isolates, it was
observed that the pH range was still below pH 7. During the exposure period, regardless of the concentrations,
nTiO, triggered a similar pH pattern in culture media inoculated with Serratia sp. and Bacillus sp. This pattern
was characterised by pH values of <6.4 during the first 2 days of exposure, which progressively decreased to
<4.4 during the remaining exposure period. For the culture media inoculated with Morganella sp. and Citro-
bacter freundii, irrespective of the concentrations, the nTiO, triggered pH values of > 6.5 during the first day of
the exposure period, which progressively decreased to pH 4.3 and 4.6 on the 5th day of exposure, respectively.
In the culture medium inoculated with Lysinibacillus sp., the concentrations of nTiO, exhibited a pH pattern
characterised by fluctuations, although the pH values were found to be higher, particularly during the first day
compared to the remaining exposure period. Overall, the pH value ranges were as follows: 4.18-6.34, 4.33-6.49,
4.68-6.24 and 4.63-6.96 for culture media inoculated with Bacillus sp., Morganella sp., Citrobacter freundii, and
Lysinibacillus sp., respectively. The exposure of a consortium (Bacillus sp., Morganella sp., Citrobacter freundii,
and Lysinibacillus sp.) of all halophilic bacteria to nTiO, concentrations resulted in the lowest pH values rang-
ing between 5.15 and 5.97 from the first day of the exposure period and progressively decreasing to a range of
4.42-4.50 to the 5th day of exposure.

Effects of nZnO and nTiO, concentrations on DO uptake efficiency on moderately halophilic
bacterial isolates. Figure 3A,B depict the uptake of DO by moderately halophilic bacterial isolates exposed
to wastewaters containing different nZnO and nTiO, concentrations as well as to wastewaters without the target
metal oxide nanoparticles. In general, all target halophilic bacteria were able to gradually uptake nZnO and
nTiO, in concentrations varying from 1 to 50 mg/L with higher DO uptake recorded in the presence of the
former rather than the latter concentration. Low DO uptake was observed on day 1 and day 2 of the isolates’
exposure, regardless of the type of metal oxide nanoparticles. A significant DO uptake was observed specially
in the presence of 50 mg/L on days 3 and 4 (DO uptake of up to 100% for nZnO and 99% for nTiO,). The target
metal oxide nanoparticles at concentrations ranging between 100 and 200 mg/L triggered a significant gradual
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Figure 2. (A) Variations in pH during the exposure of halophilic bacteria to wastewater mixed liquor

containing various concentrations of zinc oxide nanoparticles. (B) Variations in pH during the exposure
of halophilic bacteria to wastewater mixed liquor containing various concentrations of titanium dioxide
nanoparticles.
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decrease in DO uptake (up to 10% under both metal oxide nanoparticles) in wastewater mixed liquor media,
while the DO uptake in the control (which contained bacteria within a nanoparticle-free medium) ranged from
to 60 to 80% with the highest observed on the 4th day at 100%.

In the presence of nZnO, the highest DO uptake (100%) was observed with the bacterial consortium on day
3 at a concentration of 50 mg/L and on day 4 at 20 mg/L, while Lysinibacillus sp. exhibited the lowest DO uptake
at 10%. In the presence of nTiO,, the DO response was lower compared to that of nZnO, with the highest uptake
observed with the consortium (100%) from the 3rd and 4th days of the experiment at a concentration range of
10-50 mg/L, followed by Morganella sp. (99%), and the lowest response was demonstrated by Lysinibacillus sp.
(10%). The control, which consisted of the bacterial consortium in the presence of a nanoparticle-free medium,
was shown to have a better response with the highest DO uptake (100%) observed on the 3rd day compared to
the medium containing nTiO,.

Effects of nanoparticle concentrations on COD removal efficiency of moderately halophilic
bacterial isolates. In general, halophilic bacterial isolates exhibited a low COD removal efficiency in the
presence of low concentrations (1-10 mg/L) of both metal oxide nanoparticles compared to the control (free of
nanoparticles, inoculated with the target isolates), which had a rather better response for COD removal, up to
85%. Although COD removal was observed at lower concentrations, COD release was also observed at higher
concentrations in the presence of both metal oxide nanoparticles. In the presence of nTiO,, a higher release of
up to —60% was observed, specifically with Citrobacter freundii, which showed a complete COD release in nTiO,
concentrations ranging from 1 to 200 mg/L, compared to exposure to varying nZnO concentrations where a
COD release of up to —21% was observed.

Three different patterns were identified in terms of the effect of nZnO on COD removal efficiency, and are
summarised as follows: (1) Serratia, Bacillus and Lysinibacillus sp. were able to remove approximately 20%
COD on the first day and the second day of their exposure to 1 mg/L and 5 mg/L nZnO. Thereafter, a gradual
decrease in COD removal was associated with the extended exposure time and also with an increase in nZnO
concentrations, which resulted in the release of COD in the culture medium of up to =—21%. This release was
species-specific and apparent in the presence of 100-200 mg/L nZnO for Serratia and Lysinibacillus spp. and
50-200 mg/L nZnO for Bacillus. (2) Irrespective of nZnO concentrations, Morganella sp. exhibited the capability
to remove up to 56% COD from the culture medium containing initial concentrations of 1-10 mg/L nZnO during
the first day of exposure. Its capability for COD removal gradually decreased when exposed to a concentration
range of 50-200 mg/L nZnO during the extended exposure period. A similar pattern was also observed with
Citrobacter freundii on the first day with a removal capability of <40 mg/L COD, which gradually decreased
over extended exposure time with an increase in nZnO concentration. (3) Finally, the consortium of the target
moderately halophilic bacteria, increased their COD removal efficiency up to 67% when they were exposed to
culture media with 1 mg/L nZnO; thereafter, a gradual decrease occurred with extended exposure time and
also with increasing nZnO concentrations. Statistically, significant differences in COD removal were observed
between the consortium and the individual bacteria (p <0.05), except with Morganella sp. A significant difference
in COD removal was also noted between this bacterial species and the other three halophilic bacteria (Fig. 4A).

In the presence of nTiO,, the COD removal efficiency of the selected halophilic bacteria was found to be more
species-specific and lower compared to nZnO. Serratia sp. was capable of removing 20% of the COD from the
culture medium containing 1 mg/L nTiO,. Gradual decreases in COD removal efficiency occurred with extended
exposure periods and an increase in nTiO, concentration up to 20 mg/L. At a concentration ranging between
50 and 200 mg/L nTiO,, a progressive release of the COD was observed in the culture medium. A similar pat-
tern was also observed with Bacillus sp., which was able to remove up to 35% of COD from the culture medium
containing a concentration range of 1-5 mg/L nTiO, during the first day. Thereafter, a progressive decrease in its
efficiency was noted at concentrations of between 10 and 100 mg/L nTiO, until the COD release occurred in the
medium with the highest nTiO, concentrations of 150 and 200 mg/L. All the various concentrations of nTiO, had
a negative effect on Citrobacter freundii with no COD removal noted during the exposure time. Morganella sp.
was found to be the only individual isolate capable of removing up to 40% of COD from the medium containing
the initial concentration range of 1-5 mg/L nTiO, within 1 day of exposure. Subsequently, a gradual decrease of
its COD removal efficiency was apparent with an increasing nTiO, concentration in the culture media contain-
ing 10-150 mg/L nTiO,, while the release of COD (-7%) occurred back in the culture medium with 200 mg/L
with an extended exposure time. Less than 10% of COD was removed by Lysinibacillus from wastewater mixed
liquor containing a concentration range of 1-5 mg/L nTiO,. With the extended exposure time and increasing
nTiO, concentrations (10-200 mg/L) in the culture medium, the release of COD took place up to >—20%. The
consortium of halophilic bacteria exhibited COD removal up to <42% from wastewater mixed liquor containing
1-5 mg/L nTiO, within the first day of the exposure time. While a gradual decrease in its efficiency was apparent
in the culture media with 10-50 mg/L nTiO,, the nTiO, concentrations of 100-200 mg/L triggered the release
of COD in the medium (Fig. 4B).

Effects of nanoparticle concentrations on nutrient removal efficiency of moderately halophilic
bacterial isolates. The halophilic bacterial isolates exhibited different phosphate removal efficiency pat-
terns in the presence of both metal oxide nanoparticles, which ranged from 25 to over 65% in the presence of
nZnO and from 30 to over 70% in the presence of nTiO,. The removal efficiency decreased as the concentration
of the metal oxide nanoparticles increased. In the control (free of nanoparticles, but inoculated with the target
isolates), a removal response of up to 72% was recorded.

Four different phosphate removal patterns could be identified in the presence of various concentrations of
nZnO, and are summarised as follows: (1) Serratia and Bacillus sp. were able to remove approximately <40% of

Scientific Reports |

(2021) 11:16969 | https://doi.org/10.1038/s41598-021-96413-5 nature portfolio



www.nature.com/scientificreports/

A Serratia sp Bacillus sp
120 120
Day 1
2100 =y 100 =Day 1
g 80 =Day2 5 go = Day 2
g 60 =Day 3 g 60 = Day 3
o 40 Day4 0O 40 Day 4
2 ES
g 1Y Ry 1 B
NS eSS Qe & S &5 @ <
0 0
ZnO Concentration (mg/L) ZnO Concentration (mg/L)
Morganella sp Citrobacter freundii
140 Day 1 140
|}
g 120 D“V , ¢ 120 uDay 1
100 = Da 100
2 80 Y g. 80 =Day 2
) = Day 3 =)
o 60 paya O 60 =Day 3
=) i’i i o v , S 4 iji Day 4
2 2
et 20 = Day 20 iI
o i o i mDay 5
OSSO N S S ® I
eSS RN DA &‘o
& ®
ZnO Concentration (mg/L) ZnO Concentration (mg/L)
Lysinibacillus sp Consortium
120 140
@ 100 =Day1 120 =Day 1
s 80 =Day2 5100 =Day 2
3 60 =Day 3 S 80 =Day 3
8 40 Day4 8 ig Day 4
2 20 mDay 5 ® 20 =Day 5
0 i (1]
N DD P \°° \@ NS \° \,,e
o cP
ZnO Concentration (mg/L) ZnO Concentration (mg/L)
B Serratia sp Bacillus sp
120 120
] 100 = Day 1 e 100 mDay 1
§_ 80 uDay 2 §_ 80 " Day 2
o €0 wDay3 o &0 =Day 3
a 40 a 40 Day 4
< II s II
0 | mDay 5 0 I =Day 5
S & \Qe \@ S & \° \@ .¢°
o°° N
nTiO2 Concentration (mg/L) nTiO2 Concentration (mg/L)
Morganella sp Citrobacter freundii
120 120
%100 aDayt 2% aDay 1
o 8 = Day 2 ‘E 8o = Day 2
S 60 2 60
[e) =Day 3 o wDay 3
g % Daysa = 4 Day 4
® 20 v ® 20 2y
0 l =Day 5 0 mDay 5
IS R \eﬁ \@ & PSS 'b@ 'é"\
0° c,°°
nTiO2 Concentration (mg/L) nTiO2 Concentration (mg/L)
Lysinibacillus sp Consortium
120 120
o 100 o 100
§ 80 'Day §_ 80 -Day
g 60 . Day g 60 . Day
a 40 - D ay o 40
2 20 | ._ 2 20 I " Day
0 T Day 0 Day
S & \@ \‘p » & o\ S & \@ \‘,Q QQ &@\
] ! o° o°
nTi02 Concentration (mg/L) nTiO2 Concentration (mg/L)

Figure 3. (A) Dissolved oxygen uptake (%) by moderately halophilic bacteria under different zinc oxide
nanoparticle concentrations in wastewater mixed liquor. (B) Dissolved oxygen uptake (%) by moderately
halophilic bacteria under different titanium dioxide nanoparticle concentrations in wastewater mixed liquor.
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Figure 4. (A) Representation of COD removal/increase (%) in different nZnO concentrations in modified
wastewater mixed liquor. (B) Representation of COD removal/increase (%) in different nTiO, concentrations in
modified wastewater mixed liquor.
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phosphate when exposed to the concentration range of 1-5 mg/L nZnO and < 50% of phosphate when exposed
to 10-20 mg/L on the first and second day, respectively. Thereafter, a gradual decrease in phosphate removal
was associated with the extended exposure time after the 3rd day. (2) Morganella sp. was able to remove slightly
more than 40% of phosphate on the first and second day when exposed to the concentration range of 1-20 mg/L
nZnO; on the first and second day, a removal of approximately 40% could still be observed at nZnO concentra-
tions from 20 to up to 100 mg/L. Thereafter, from 150 to 200 mg/L, a gradual decrease was observed over the
extended exposure time. (3) Citrobacter freundii were able to remove approximately 25% of phosphate on the
first day and approximately 20% on the second day of their exposure to 1 mg/L and 1-5 mg/L nZnO, respectively.
Thereafter, a gradual decrease in phosphate removal was associated with the extended exposure time with the
lowest decrease up to < 1% apparent when exposed to 200 mg/L nZnO. (4) Finally irrespective of nZnO concen-
trations, Lysinibacillus sp. and the bacterial consortium exhibited the capability to remove approximately >65%
of phosphate from the culture medium containing initial concentrations of up to 1-5 mg/L nZnO during the
first day of exposure. Its capability for phosphate removal gradually decreased when exposed to higher nZnO
concentrations during the extended exposure period.

Statistically, significant differences in phosphate removal were noted between the consortium and individual
bacteria (p <0.05), except for Lysinibacillus sp. A significant difference in phosphate removal was also noted
between this bacterial species and the other three halophilic bacteria (Fig. 5A).

In the presence of various concentrations of nTiO,, the phosphate removal efficiency of the selected halophilic
bacteria was found to be higher compared to nZnO, and four different patterns could be identified, summarised
as follows: (1) Serratia and Bacillus sp were able to remove a low concentration of phosphate at the initial stages of
exposure. Aproximately <40% of phosphate was removed when exposed to the concentration range of 1-5 mg/L
nZnO in the presence of Serratia sp. And <50% of phosphate when exposed to 10-20 mg/L in the presence of
Bacillus sp on the first and second day, respectively. Thereafter, a gradual decrease in phosphate removal was
associated with the extended exposure time after the 3rd day. A decrease in phosphate removal was observed
upon exposure to a concentration range of 50-200 mg/L for Serratia sp. after the 3rd day. However, for Bacillus
sp., a gradual decrease in phosphate removal throughout was associated with the extended exposure time. (2)
Morganella sp. was able to remove slightly more than 50% of phosphate on the first and second day when exposed
to the concentration range of 1-10 mg/L nTiO,; on the first and second day phosphate removal of approximately
40% could still be observed upon exposure to a concentration range of 20-50 mg/L nTiO, on the 1st and 2nd
day. Thereafter, from 50 to 200 mg/L, a gradual decrease was observed over the extended exposure time. (3)
Citrobacter freundii were able to remove over 45% of phosphate on the first and second day and approximately
30% on the first and second day of their exposure to concentrations ranging from 1 to 10 mg/L and 10-20 mg/L
nZnO, respectively. Thereafter, a gradual decrease in phosphate removal was associated with the extended nTiO,
exposure time (50-200 mg/L). (4) Lastly; irrespective of nTiO, concentrations, Lysinibacillus sp. and the bacterial
consortium exhibited the capability to remove approximately over 70% of phosphate from the culture medium
containing initial concentrations of up to 1-50 mg/L nZnO during the first and second day of exposure. There-
after, a slight gradual decrease was observed when the isolates were exposed to higher nTiO, concentrations
during the extended exposure period. The control (containing bacteria in nTiO,-free concentrations) appeared
to have a higher phosphate removal efficiency of approximately 80% (Fig. 5B).

In terms of nitrate removal, the halophilic bacterial isolates showed an individual nitrate removal pattern,
generally similar to phosphate removal, when exposed to both metal oxide nanoparticles. A maximum nitrate
removal of approximately 70% was observed in the control (free of nanoparticles, but inoculated with the target
isolates). The nitrate removal efficiency of halophilic bacterial isolates upon exposure to nZnO was observed
to have single patterns as the isolates each showed an individual removal pattern: (1) Morganella sp. was found
to be the isolate with the lowest nitrate removal efficiency, with approximately 20% removal when exposed to
1-20 mg/L nZnO on the first and second day of exposure. A nitrate removal below 20% was recorded when
this bacterium was exposed to 50-20 mg/L nZnO, followed by a progressive decrease as nZnO concentrations
increased. (2) Lysinibacillus sp. exhibited the second lowest nitrate removal efficiency, with over 35% removal
when exposed to 1-10 mg/L nZnO on the first and second days. This was followed by a progressive decrease as
the nZnO concentration increased from 20 to 200 mg/L over time. (3) Serratia sp. achieved a nitrate removal of
over 40% when exposed to 1-5 mg/L nZnO on the first and second days. A removal of below 40% was detected in
the concentration range of 10-50 mg/L nZnO, which was followed by a gradual decrease in removal efficiency as
nZnO concentrations increased over time. (4) Citrobacter freundii was observed to have a higher nitrate removal
efficiency of over 50% upon exposure to the concentration range of 1-10 mg/L nZnO on the first and second day,
compared with the preceding isolates on the first and second day. Thereafter, a removal of <40% in the concen-
tration range of 20-50 mg/L nZnO was observed, which was followed by a decrease as the nZnO concentrations
increased over the exposure time. (5) Bacillus sp. showed a removal of approximately 55% when exposed to a
concentration range of 1-10 mg/L nZnO on the first to the third day, followed by a removal of approximately 50%,
which was followed by a progressive decrease as nZnO concentrations increased over the exposure time. (6) The
consortium of isolates represented the highest nitrate removal with approximately over 60% removal efliciency
upon exposure to the concentration range of 1-20 mg/L nZnO from the Ist to the 4th day, and a removal below
60% as the concentration increased over the time of exposure (50-200 mg/L). Statistically, significant differences
in nitrate removal were noted between the consortium and individual bacteria (p <0.05) (Fig. 6A).

In the presence of nTiO, (Fig. 6B), the bacterial isolates showed a similar nitrate removal pattern and efficiency
in comparison to nZnO. Each isolate showed the following nitrate removal efficiency: (1) Lysinibacillus sp. repre-
sented the isolates with the lowest nitrate removal efficiency with approximately 30% removal in concentrations
of between 1 and 10 mg/L nTiO, on the first and second days of exposure and a removal of approximately 35%
in the concentration range of 20-100 mg/L nTiO,, followed by a decrease as nTiO, concentrations increased
(150-200 mg/L) over time. (2) Citrobacter freundii achieved a nitrate removal efficiency of approximately 40%
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Figure 5. (A) Representation of percentage removal of phosphate in different nZnO concentrations in
modified wastewater mixed liquor. (B) Representation of percentage removal of phosphate in different nTiO,
concentrations in modified wastewater mixed liquor.
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in the concentration range of 1-5 mg/L nTiO, on the first and second days of exposure and of <40% compared
with the preceding isolates on the first and second days. Thereafter, a removal <40% in the concentration range
of 10-20 mg/L nTiO, was observed, which was followed by a decrease as the nTiO, concentrations increased
(50-200 mg/L) over the exposure time. (3) Serratia sp. achieved a nitrate removal of over 40% in the TiO, con-
centration range of 1-5 mg/L on the first and second days of exposure and a removal of approximately 40% was
observed in the concentration range of 10-20 mg/L, followed by a gradual removal efficiency decrease, as nTiO,
concentrations increased (50-200 mg/L) over time. iv) Bacillus sp., showed a nitrate removal of approximately
50% in the presence of 1-10 mg/L nTiO, on the first to the second days, followed by a removal of approximately
45%, which was followed by a progressive decrease as nTiO, concentrations increased (100-200 mg/L) over the
exposure time. (5) Morganella sp. showed a nitrate removal of approximately 55% upon exposure to 1-5 mg/L
nTiO, on the first to the second days, followed by a removal of approximately 50% (10-20 mg/L), which pro-
gressively decreased as nTiO, concentrations increased (50-200 mg/L) over the exposure time. (6) Lastly, the
consortium of isolates exhibited the highest nitrate removal in the presence of nTiO,, with approximately <60%
removal efficiency upon exposure to the concentration range of 1-5 mg/L nTiO, from the first day to the second
day, and a removal of below 60% at the concentration of 10-20 mg/L nTiO,. Thereafter, a gradual decrease in
its nitrate removal efficiency was apparent with increasing TiO, concentrations in the culture media containing
50-200 mg/L nTiO,. Statistically, significant differences in nitrate removal were noted between the consortium
and individual bacteria (p <0.05) (Fig. 6B).

Discussion

The rapid advances in nanotechnology and the growing number of applications of metal oxide nanoparticles
as well the concomitant increase in the amount of nanomaterials being discharged into the environment con-
stitute a great risk for the environment as some of them are not easily biodegraded. The report by Wiodarczyk
and Kwarciak-Koztowska?? indicated that nanoparticles are manufactured annually in the cosmetic and medi-
cal products industry and were estimated to amount to about 58 thousand tons between 2011 and 2020. Even
though nanoparticles such as zinc oxide and titanium oxide have properties that are beneficial for product
improvement in most fields, little is done on how to handle these products and this could have a detrimental
effect on the environment once discharged?=%. South Africa, like the rest of the world, has been increasingly
using the benefits of the use of nanoparticles in most domains such as biomedical applications, medicine, paints,
wastewater treatment, etc. Numerous research reports have revealed that, worldwide, the increase in the use of
engineered nanoparticles can lead to their release into the environment and thereafter it may become a public
health concern®-28. Therefore, assessing and managing the possible risks associated with the production and
usage of nanomaterials will reduce the risks of exposure to toxic compounds in the environment, animals
and humans. Hence, this study investigated the ability of moderately halophilic bacterial isolates (Serratia sp.,
Bacillus sp., Morganella sp., Citrobacter freundii and Lysinibacillus sp.) to treat polluted wastewater in the pres-
ence of nZnO and nTiO, nanoparticles. For this purpose, the first phase of the study consisted to determine
the physicochemical profile of wastewater samples. The results revealed the presence of metals, metalloids and
non-metals at concentrations beyond the permissible limit for South African wastewater effluents: 75 mg/L,
0.05 mg/L, 0.01 mg/L, 0.1 mg/L 0.01 mg/L for COD, Co, Cu, Zn and Pb, respectively. In spite of their potential
toxicity, the permissible limits for Fe, Na, S, Ti, As, Ba, Ca, K and Sr in effluents of small wastewater treatment
works are still not available in the design guidelines issued by the Department of Public Works, South Africa®
and national regulatory standards issued by the USEPA*. The pH and Ni of the wastewater samples were found
to be within the recommended range of 5.5-9.5 and 0.2 mg/L, respectively.

The first stage was followed by the characterisation of both nZnO and nTiO, in terms of their shapes and
sizes using TEM, which demonstrated that these commercial nanoparticles were polydisperse with regular and
irregular shapes and with average crystallite sizes (Fig. 1). Previous investigators have also observed the inhomo-
geneity in nZnO*"*? and nTiO,**** nanoparticle size and the crystal shape. According to Yang et al.*!, the crystal
shape of metal oxide nanoparticles such as ZnO NPs plays a major role irrespective of the size of the particles.

The results of the present study showed that the growth of the target halophilic bacterial isolates in the pres-
ence of various concentrations of nZnO and nTiO, was concentration-dependent, irrespective of pH. Results
clearly revealed that both metal oxide nanoparticles also impacted the pH of wastewater. In spite of the pH
variations that occurred in wastewater media inoculated with individual halophilic bacteria, the presence of
both nZnO and nTiO, had a significant impact on pH values. At a low nZnO concentration, the wastewater
pH increased from the initial pH value of 7 up to 8.1 and a progressive decrease in pH values was noted with
an increasing concentration of nZnO. As can be seen from Fig. 2A, this means that there was no definitive pH
range for various biological activities of the target halophilic bacteria as the pH fluctuated between 6 and 8.1%,
especially in wastewater (pH 7.18-7.98) inoculated with a consortium of halophilic bacteria. Instead of any pH
increase in wastewater inoculated with the individual halophilic bacterial isolates, the nTiO, triggered a signifi-
cant decrease in pH from 6.9 down to 4 with a pH range of 4-7 recorded due to increasing nTiO, concentrations
(Fig. 2B). In wastewater inoculated with a consortium of halophilic bacteria a pH range of 6-4 was observed,
which was also due to an increasing concentration of nTiO, during the exposure time. This trend clearly showed
the lack of a definitive pH range for various biological activities as the presence of nTiO, presented a lower
range®. It was also argued that the decrease of pH in the media could have also be caused by fermentation due to
the concomitant decrease of DO. Though these authors used another nanoparticle, it was noted that the decrease
of pH favoured the adsorption of silver nanoparticle on the bacterial cell surface®.

In addition to pH, the DO is among the factors influencing the growth of microorganisms in wastewater
systems. For both metal oxide nanoparticles, a significant DO uptake was observed in wastewaters containing
1-50 mg/L, a concentration range which triggered the DO uptake of up to 100% for nZnO and 99% for nTiO,.
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Figure 6. (A) Representation of percentage removal of nitrate in different nZnO concentrations in modified
wastewater mixed liquor. (B) Representation of percentage removal of nitrate in different nTiO, concentrations
in modified wastewater mixed liquor.
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However, their significant toxicity effects could be noted when all test isolates were exposed to the target metal
oxide nanoparticles at concentrations ranging between 100 and 200 mg/L, which triggered a significant gradual
decrease in DO uptake compared to the lower concentrations (Fig. 3A/B). The toxicity effect of nZnO and
nTiO, on the target moderately halophilic bacteria occurred at higher concentrations (100 mg/L and 200 mg/L),
which negatively impacted on halophilic bacterial growth and consequently on the decrease of their ability for
DO uptake. The detrimental effects of commercial zinc oxide on bacterial growth and DO uptake have been
previously demonstrated by Mboyi et al.* in their study on Bacillus licheniformis, Brevibacillus laterosporus
and Pseudomonas putida. These authors also pointed out that the uptake of DO was strongly linked to bacterial
growth as no uptake was observed in the absence of bacterial growth. Furthermore, they found that DO uptake
and bacterial growth decreased significantly (p <0.05) with increasing concentrations of nanomaterials in the
media. The decreasing rate of oxygen removal could be caused by the saturation of the bacterial isolates in taking
up the nanoparticles and the time of exposure (5 days) being too short for the re-adaptation and recovery of the
bacterial isolates. According to Spietz et al.”’, the decrease of DO itself from the environment was responsible
for the negative impact of bacterial richness and growth. The decrease of bacterial growth was found not to be
linked to the salt content of the media since the growth in the free-NP media did not show a significant decrease
(Fig. S1). Results of this study are in agreement with those reported by a number of authors'* who reported
that the oxygen uptake of Pseudomonas putida was stimulated when inoculated in diluted industrial effluent but
was inhibited in highly polluted industrial wastewater®.

The present study further investigated the ability of bacterial isolates in removing COD, phosphate and nitrate
from wastewater mixed liquor culture media, as their presence has the ability to impact on the growth of micro-
organisms. The COD test is commonly used to indirectly measure the amount of organic compounds in water.
It is a measure of the oxygen equivalent of that portion of the organic matter in a sample that is susceptible to be
oxidised by a strong chemical oxidant. The COD removal efficiency was very low in the presence of both metal
oxide nanoparticles. A significant uptake was observed to be species-specific in the presence of both metal oxides,
while an increase in COD was observed in both media containing nZnO and nTiO,. However, the significant
toxicity effects triggered by their increased concentrations could be noted at a wider range for the test isolates in
the wastewater containing the nTiO, concentration range (1-200 mg/L) compared to the nZnO concentration
range (50-200 mg/L) (Fig. 4A,B). These results could be explained by the fact that the carbon source used in this
experimental study was sucrose and this was found to be more favourable to the halophilic bacteria compared to
glucose, which is the common carbon source used in complex hypersaline media***!, In other words, the com-
position of the mixture of COD medium, mixed liquor and the sucrose (2%), created a toxic solution. Although
sucrose was found to be the preferred carbon source of the moderately halophilic bacteria at their optimum
growth conditions, it affected the composition of the industrial mixed liquor, and its high concentration (2%)
in the mixed liquor in the presence of nZnO and nTiO, had a negative impact on halophilic bacterial growth.
Consequently, on their ability to remove COD, which turned out to be lower compared to other findings, such as
those of Dan et al.*> who showed that halophilic bacteria are able to remove COD at high percentages, and those
of Uygur and Kargi** who evaluated a culture of Zoogloea ramigera and Halobacterium halobium and reported
COD removal efficiency of about 77% at 1% salt in a mixed culture in an activated sludge process.

Dissolved oxygen was also linked to COD removal, as no uptake was observed in the absence of bacterial
growth. As mentioned by Uygur and Kargi* in their study, in order to obtain equivalent COD removal efficiency,
lower F/M ratios were required at higher salt contents for both yeast and bacterial sludge. This finding validates
the fact that bacterial growth decreased significantly (p <0.05) with increasing nanoparticle concentrations in
the media. Woolard and Irvine!® also demonstrated that halophilic bacteria have the ability to remove COD;
Halobacterium obtained the highest efficiency at 1% salt concentration and COD removal of 70-80% at salt
concentrations of 4-5%.

In wastewater containing nZnO or nTiO, concentrations of between 1 and 50 mg/L, the test isolates demon-
strated a significant phosphate and nitrate removal efficiency, as follows: at this concentration range, phosphate
removal of up to 70% for media containing nZnO and 78% for media containing nTiO,, and nitrate removal of
up to 65% for media containing nZnO and 62% for media containing nTiO,. Nevertheless, all the test isolates
exhibited significant toxicity effects, which were noted when exposed to high concentrations (100-200 mg/L) of
the target metal oxide nanoparticles, and consequently triggered a significant progressive decrease in phosphate
removal compared to the lower nanoparticle concentrations (Figs. 5A/B, 6A/B). These results validate a signifi-
cant decrease in halophilic bacterial growth, as the toxicity effect of nZnO and nTiO, on the target moderately
halophilic bacteria occurred at higher concentrations (100 mg/L and 200 mg/L) and also as a result of the com-
position of the wastewater media (sucrose at 2% being the preferred carbon source of the moderately halophilic
isolates), therefore, decreasing the ability of microorganisms to break down excessive nitrate and phosphate, and
also negatively impacting their ability to remove phosphate. These findings are validated by studies conducted
by Ekama et al.* and Rybicki*, who have illustrated that phosphate removal is impacted by the availability of
easily biodegradable carbon sources, needed by phosphorus-storing microorganisms in relation to the amount
of phosphorus that must be removed. In testing the influence of carbon source on nitrate removal of polluted
groundwater in a denitrifying submerged filter, Gomez et al.*® reported that sucrose was the least efficient carbon
source in comparison with ethanol and methanol as carbon sources.

Conclusion

The present study evaluated the capability of moderately halophilic bacterial isolates (Serratia sp., Bacillus sp.,
Morganella sp., Citrobacter freundii and Lysinibacillus sp.) to treat a polluted wastewater in the presence of
zinc oxide and titanium dioxide nanoparticles. In the presence of test nanoparticles, the growth of moderately
halophilic bacteria was found to be significantly affected by the increasing nanoparticle concentrations ranging
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between 50 and 200 mg/L. In contrast, lower concentrations (1-20 mg/L) of both nZnO and nTiO, resulted in
a significant increase in bacterial growth. The changing pH values of the media did not significantly affect the
growth of bacterial isolates. However, the changing concentration of nZnO and nTiO, impacted on the waste-
water pH with higher concentrations triggering a progressive decrease in pH values. Similar observations were
observed for DO uptake, COD and nutrient removal. It can be concluded that moderately halophilic bacteria
such as Serratia sp., Bacillus sp., Morganella sp., Citrobacter freundii, Lysinibacillus sp. and a consortium of these
organisms can be employed for the bioremediation of wastewaters contaminated with low nZnO and nTiO,
concentrations.

Received: 20 April 2021; Accepted: 23 July 2021
Published online: 20 August 2021

References

1. Savenije, H. H. & van der Zaag, P. Conceptual framework for the management of shared river basins; with special reference to the
SADC and EU. Water Policy 2(1), 9-45 (2000).

2. Kamika, I. & Momba, M. N. Assessing the resistance and bioremediation ability of selected bacterial and protozoan species to
heavy metals in metal-rich industrial wastewater. BMC Microbiol. 13(1), 28 (2013).

3. Diels, L., van der Lelie, N. & Bastiaens, L. New developments in treatment of heavy metal contaminated soils. Rev. Environ. Sci.
Technol. 1(1), 75-82 (2002).

4. Wiesner, M. R. & Bottero, J. Y. (eds) Environmental Nanotechnology: Applications and Impacts of Nanoparticles (McGraw-Hill,
2007).

5. Kiser, M. A, Ryu, H., Jang, H., Hristovski, K. & Westerhoff, P. Biosorption of nanoparticles to heterotrophic wastewater biomass.
Water Res. 44(14), 4105-4114 (2010).

6. Lekas, D, Lifset, R. & Rejeski, D. Nanotechnology Startup Concerns, Information Needs, and Opportunities to Proactively Address
Environmental, Health, and Social Issues: Focus on firms in Connecticut and New York. Master’s Project, Yale School of Forestry
and Environmental Studies, Yale University Science Hill, New Haven, CT, USA (2006).

7. Nowack, B. & Bucheli, T. D. Occurrence, behaviour and effects of nanoparticles in the environment. Environ. Pollut. 150(1), 5-22
(2007).

8. Satterfield, T., Kandlikar, M., Beaudrie, C. E., Conti, J. & Harthorn, B. H. Anticipating the perceived risk of nanotechnologies. Nat.
Nanotechnol. 4(11), 752-758 (2009).

9. Mvungi, A., Hranova, R. K. & Love, D. Impact of home industries on water quality in a tributary of the Marimba River, Harare:
Implications for urban water management. Phys. Chem. Earth Parts A/B/C 28(20-27), 1131-1137 (2003).

10. Peng, X., Murphy, T. & Holden, N. M. Evaluation of the effect of temperature on the die-off rate for Cryptosporidium parvum
oocycts in water, soils, and feces. Appl. Environ. Microbiol. 74(23), 7101-7107 (2008).

11. Zhuang, X., Han, Z., Bai, Z., Zhuang, G. & Shim, H. Progress in decontamination by halophilic microorganisms in saline wastewater
and soil. Environ. Pollut. 158(5), 1119-1126 (2010).

12. Mclellan, S. L., Huse, S. M., Mueller-SPITZ, S. R., Andreishcheva, E. N. & Sogin, M. L. Diversity and population structure of
sewage-derived microorganisms in wastewater treatment plant influent. Environ. Microbiol. 12(2), 378-392 (2010).

13. Wu, Y., Li, T. & Yang, L. Mechanisms of removing pollutants from aqueous solutions by microorganisms and their aggregates: A
review. Bioresour. Technol. 107, 10-18 (2012).

14. Neculita, C. M., Zagury, G. J. & Bussiére, B. Passive treatment of acid mine drainage in bioreactors using sulfate-reducing bacteria.
J. Environ. Qual. 36(1), 1-16 (2007).

15. Lefebvre, O. & Moletta, R. Treatment of organic pollution in industrial saline wastewater: A literature review. Water Res. 40(20),
3671-3682 (2006).

16. Woolard, C. R. & Irvine, R. L. Biological treatment of hypersaline wastewater by a biofilm of halophilic bacteria. Water Environ.
Res. 66(3), 230-235 (1994).

17. Brock, T. Microbial growth under extreme conditions. Symp. Soc. General Microbiol. 19, 15-41 (1969).

18. Arahal, D.R. & Ventosa, A. Moderately halophilic and halotolerant species of Bacillus and related genera. in Applications and
Systematics of Bacillus and Relatives (R. Berkeley, M. Heyndrickx, N. Logan & P. De Vos, Eds.), 83-99 (2002).

19. Caton, T. M. et al. Halotolerant aerobic heterotrophic bacteria from the Great Salt Plains of Oklahoma. Microbial. Ecol. 48(4),
449-462 (2004).

20. Weber, V., Kamika, I. & Mombaa, M. N. B. Halophilic bacterial community and their ability to remove zinc oxide and titanium
dioxide nanoparticles from wastewater. Desalin. Water Treat. 181, 161-187 (2020).

21. Cervantes-Avilés, P. & Keller, A. A. Incidence of metal-based nanoparticles in the conventional wastewater treatment process.
Water Res 189, 116603 (2021).

22. Wlodarczyk, R. & Kwarciak-Koztowska, A. Nanoparticles from the cosmetics and medical industries in legal and environmental
aspects. Sustainability 13, 5805 (2021).

23. Biswas, P. & Wu, C. Y. Nanoparticles and the environment. J. Air Waste Manag. Assoc. 55(6), 708-746 (2005).

24. Maynard, A. D. Nanotechnology: A Research Strategy for Addressing Risk (Project on Emerging Nanotechnology (PEN), Woodrow
Wilson International Center for Scholars, 2006).

25. Klaine, S. J. et al. Nanoparticles in the environment: Behaviour, fate, bioavailability, and effects. Environ. Toxicol. Chem. 27(9),
1825-1851 (2008).

26. Gottschalk, FE & Nowack, B. The release of engineered nanoparticles to the environment. J. Environ. Monit. 13(5), 1145-1155
(2011).

27. Cassee, E. R. et al. Exposure, health and ecological effects review of engineered nanoscale cerium and cerium oxide associated with
its use as a fuel additive. Crit. Rev. Toxicol. 41(3), 213-229 (2011).

28. Brar, S. K., Verma, M., Tyagi, R. D. & Surampalli, R. Y. Engineered nanoparticles in wastewater and wastewater sludge—Evidence
and impacts. Waste Manage. 30(3), 504-520 (2010).

29. Department of Public Works (DPW). Small Waste Water Treatment Works DPW Design Guidelines. Department of Public Works,
Pretoria, South Africa, (2012).

30. United States Environmental Protection Agency. Guidelines for Water Reuse. EPA/600/R-12/618, Washington D.C. (2012)

31. Yang, Y., Zhang, C. & Hu, Z. Impact of metallic and metal oxide nanoparticles on wastewater treatment and anaerobic digestion.
Environ. Sci. Process Impacts. 15(1), 39-48 (2013).

32. Mboyi, A. V., Kamika, I. & Momba, M. B. Detrimental effects of commercial zinc oxide and silver nanomaterials on bacterial
populations and performance of wastewater systems. Phys. Chem. Earth 100, 158-169 (2016).

Scientific Reports |

(2021) 11:16969 | https://doi.org/10.1038/s41598-021-96413-5 nature portfolio



www.nature.com/scientificreports/

33. Lee, K. H,, Chiang, C. K, Lin, Z. H. & Chang, H. T. Determining enediol compounds in tea using surface-assisted laser desorption/
ionization mass spectrometry with titanium dioxide nanoparticle matrices. Rapid Commun. Mass Spectrom. 21(13), 2023-2030
(2007).

34. Tchoul, M. N. et al. Assemblies of titanium dioxide-polystyrene hybrid nanoparticles for dielectric applications. Chem. Mater.
22(5), 1749-1759 (2010).

35. Myers, C. H. S. R. & Nealson, K. H. Bacterial manganese reduction and growth with manganese oxide as the sole electron acceptor.
Science 240(4857), 1319-1321 (1988).

36. Khan, S. S., Mukherjee, A. & Chandrasekaran, N. Studies on interaction of colloidal silver nanoparticles (SNPs) with five different
bacterial species. Colloids Surf. B 87(1), 129-138 (2011).

37. Spietz, R. L., Williams, C. M., Rocap, G. & Horner-Devine, M. C. A dissolved oxygen threshold for shifts in bacterial community
structure in a seasonally hypoxic estuary. PLoS ONE 10(8), 0135731 (2015).

38. Slabbert, J. L. & Grabow, W. O. K. A rapid water toxicity screening test based on oxygen uptake of Pseudomonas putida. Toxicity
Assess. 1(1), 13-26 (1986).

39. Combarros, R. G., Collado, S. & Diaz, M. Toxicity of titanium dioxide nanoparticles on Pseudomonas putida. Water Res. 90, 378-386
(2016).

40. Vreeland, R. H,, Litchfield, C. D., Martin, E. L. & Elliot, E. Halomonas elongata, a new genus and species of extremely salt-tolerant
bacteria. Int. J. Syst. Evol. Microbiol. 30(2), 485-495 (1980).

41. Ventosa, A, Nieto, J. J. & Oren, A. Biology of moderately halophilic aerobic bacteria. Microbiol. Mol. Biol. Rev. 62(2), 504-544
(1998).

42. Dan, N. P, Visvanathan, C. & Basu, B. Comparative evaluation of yeast and bacterial treatment of high salinity wastewater based
on biokinetic coefficients. Biores. Technol. 87(1), 51-56 (2003).

43. Uygur, A. & Kargi, F. Salt inhibition on biological nutrient removal from saline wastewater in a sequencing batch reactor. Enzyme
Microb. Technol. 34(3), 313-318 (2004).

44. Ekama, G.A., Marias, G.R,, Siebritz, L.P, Pitman, A.R,, Keay, G.P, Buchan, L., Gerber, A. & Smollen, M. Theory, Design and Opera-
tion of Nutrient Removal Activated Sludge Processes. WRC Report No TT16/84. Prepared for the Water Research Commission
(WRC) by the University of Cape Town, City of Johannesburg and the National Institute for Water Research of the CSIR, Pretoria,
South Africa (1984).

45. Rybicki, S. Advanced Wastewater Treatment: Phosphorus Removal from Wastewater. Royal Institute of Technology, Stockholm,
Sweden Report No. 1 (1997).

46. Gomez, M. A., Gonzalez-Lopez, J. & Hontoria-Garcia, E. Influence of carbon source on nitrate removal of contaminated ground-
water in a denitrifying submerged filter. J. Hazard. Mater. 80(1-3), 69-80 (2000).

Acknowledgements

This research article received funding from the National Research Foundation (Grant number: 112851) and the
South African Research Chairs Initiative in Water Quality and Wastewater management. Opinions expressed
and conclusions arrived at are those of the authors and are not necessarily to be attributed to the funders.

Author contributions
M.N.B.M. and LK. conceived, designed and funded the project; V.W. performed the experiments; M.N.B.M.,
V.W. and LK. analysed the data; V.W. drafted the paper. M.N.B.M. and LK. reviewed the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-96413-5.

Correspondence and requests for materials should be addressed to I.K. or M.N.B.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:16969 | https://doi.org/10.1038/s41598-021-96413-5 nature portfolio


https://doi.org/10.1038/s41598-021-96413-5
https://doi.org/10.1038/s41598-021-96413-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparing the effect of zinc oxide and titanium dioxide nanoparticles on the ability of moderately halophilic bacteria to treat wastewater
	Materials and methods
	Test organisms. 
	Sample collection and preparation of modified wastewater mixed liquor. 
	Characterisation of commercial ZnO and TiO2 nanoparticles. 
	Preparation of ZnO and TiO2 nanoparticle culture media. 
	Experimental study on bioremediation. 
	Statistical analysis. 
	Ethics approval. 

	Results
	Profile of the wastewater mixed liquor samples. 
	Characterisation of commercial zinc oxide and titanium dioxide nanoparticles. 
	Effect of nZnO and nTiO2 concentrations on pH in culture media inoculated with halophilic bacteria. 
	Effects of nZnO and nTiO2 concentrations on DO uptake efficiency on moderately halophilic bacterial isolates. 
	Effects of nanoparticle concentrations on COD removal efficiency of moderately halophilic bacterial isolates. 
	Effects of nanoparticle concentrations on nutrient removal efficiency of moderately halophilic bacterial isolates. 

	Discussion
	Conclusion
	References
	Acknowledgements


