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Abstract
Wastewater discharged from industrial sources contain heavy metal ions, organic dyes
and bacteria, posing a severe health threat to wildlife and humanity. Zirconium oxide (ZrO2)
nanoparticles show potential in inhibiting bacterial growth. Biochar is also a great adsorbent for
water purification. In this study, a composite was synthesised by encapsulating biochar derived
from mandarin orange peel and ZrO2 nanoparticles synthesised via precipitation from zirconium
oxychloride and sodium hydroxide with mandarin orange peel extract, in calcium alginate beads.
The composite, as well as its constituents, were evaluated in terms of their adsorption capabilities
of Cu2+ and Fe3+ metal ions, Direct Red 80 and Remazol Brilliant Blue R organic dyes, as well as
their antibacterial properties. Results showed that the synthesised composite was effective in
adsorbing Cu2+ and Fe3+ ions, removing 99.13% and 45.70% of ions respectively, but was not
comparable to its constituents, especially ZrO2 nanoparticles, in removing Direct Red 80 and
Remazol Brilliant Blue R organic dyes, removing merely 1.64% and 8.19% respectively. As for
antibacterial properties, ZrO2 nanoparticles were ineffective in inhibiting the growth of Serratia
marcescens (S. marcescens). The simple and cost-effective method of synthesising ZrO2
nanoparticles could potentially render its use to purify water of organic dyes feasible, while
biochar derived from mandarin orange peels was shown to be very effective in removing heavy
metal ions tested. However, further tests must be conducted to evaluate the maximum adsorption
capabilities and antibacterial properties, and thus the potential of the composite overall.

1. Introduction
Water pollution is a major problem in today’s world, with wastewater containing heavy metal
ions which are toxic even at low concentrations. The production of acid mine drainage (AMD)
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formed from the weathering of sulfide-bearing rocks in contact with water and oxygen, causes
severe environmental damage. The net effect of the reactions involved produces H+, Fe2+ and
Fe3+ ions. Due to the high acidity and elevated concentration of toxic metals, AMD has been a
prime issue of environmental concern that has raised global concern (Masindi & Muedi, 2017).

In addition, around 200,000 tons of organic dyes used in the textile industry are lost as effluents
annually (Chequer et al., 2013). These dyes have high stability to light, temperature and
detergents, and can escape conventional wastewater treatment processes, remaining in the
environments for long periods of time. Azo dye molecules contain 2 adjacent nitrogen atoms
between carbon atoms, like Direct Red 80 and Remazol Brilliant Blue R, making up 60-70% of
all organic dyes produced worldwide as they are cost effective. However, if consumed, such dyes
could be metabolised by the azoreductases of intestinal microorganisms, or mammalian liver
enzymes could catalyse the reductive cleavage of azo bonds. As a result, N-hydroxylamines can
be formed which could lead to DNA damage.

Activated carbon is commonly used to purify water, given its high removal efficiency of heavy
metal ions. However, it has a short lifespan, making multiple purchases for replacements
expensive. Activated carbon can be modified through acid and base treatment, increasing uptake
of metal ions and anionic species respectively, however these methods are not cost-efficient
either (Bhatnagar et al., 2013). On the contrary, for biochar, Chen et al. (2011) found that a wood
or corn straw based biochar adsorbs Cu2+ and Zn2+ in aqueous solutions very effectively. Biochar
is also a possible adsorbent for dyes, with Qiu et al. (2009) reporting that a straw based biochar
was able to adsorb Reactive Brilliant Blue KN-R and Rhodamine B dyes better than activated
carbon, thus showing its potential for removing both heavy metal ions and organic dyes.

Furthermore, the ability of disease-causing, waterborne bacteria such as Serratia marcescens (S.
marcescens) to survive and grow under extreme conditions, including disinfectant and antiseptics
(Hejazi & Falkiner, 1997) is of major concern. Over the last 30 years, this species has emerged as
an important pathogen, and a common cause of nosocomial infections. S. marcescens has been
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shown to cause a wide range of infectious diseases, including urinary, respiratory, and biliary
tract infections, peritonitis, wound infections, and intravenous catheter-related infections, which
can also lead to life-threatening bacteremia (Kim et al., 2015).

Apart from their adsorption capabilities of various heavy metal ions and dyes, nanoparticles have
also long been shown to exhibit antibacterial properties. ZrO2 nanoparticles were found to have
antibacterial properties against gram negative Escherichia coli (E. coli), with zirconium mixed
ligand complexes exhibiting antibacterial activity against both gram positive Staphylococcus
aureus (S. aureus) as well as gram negative E. coli (Jangra et al., 2012).

Hence, this study aims to evaluate the effectiveness of a composite of ZrO2 nanoparticles and
mandarin orange peel biochar encapsulated in calcium alginate beads in adsorbing copper(II) and
iron(III) ions, Direct Red 80 and Remazol Brilliant Blue R organic dyes as well as its
antibacterial properties as compared to its constituents.

2. Objectives and Hypotheses
Objectives
1. To synthesise a composite of ZrO2 nanoparticles and mandarin orange peel derived
biochar encapsulated in calcium alginate beads.
2. To investigate the effectiveness of the synthesised composite as compared to its
individual constituents in:
a. Adsorbing copper(II) and iron(III) ions.
b. Adsorbing Direct Red 80 and Remazol Brilliant Blue R dyes.
c. Inhibiting the growth of Serratia marcescens
Hypotheses
1. The synthesised composite displays at least a 75% adsorption capability of the heavy
metal ions and organic dyes tested.
2. The synthesised composite demonstrates antibacterial properties.
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3. The synthesised composite possesses adsorption capabilities and antibacterial properties
comparable to its individual constituents.

3. Materials and Methods
3.1. Materials and variables
Sodium hydroxide, copper(II) sulfate, iron(III) nitrate, sodium alginate, calcium chloride and
sodium carbonate were procured from GCE Chemicals. Zirconium oxychloride, Direct Red 80,
Remazol Brilliant Blue R, gallic acid and Folin-Ciocalteu’s phenol reagent were purchased from
Sigma Aldrich. Mandarin orange peels were obtained from local fruit stalls. LB Broth and LB
Agar from Thermo Fisher Scientific were used. Serratia marcescens was obtained from Carolina
Biological.
3.2. Preparation of mandarin orange peels
Mandarin orange peels were washed with deionised water several times to remove dust and other
impurities. The peels were then oven-dried at 60 °C until constant weight.
3.3. Preparation of mandarin orange peel extract
The above mandarin orange peels were blended to powder, which was boiled with water in a
1.00 g to 25 cm3 ratio for 15 minutes. The mixture was filtered and the filtrate was stored at 4°C.
3.4. Determination of total phenolic content of mandarin orange peel extract
The total phenolic content of mandarin orange peel extract was determined using the
Folin-Ciocalteu assay with gallic acid as the standard. 1 cm3 aliquot of mandarin orange peel
extract was added to 9 cm3 of deionised water in a volumetric flask. 1 cm3 of Folin-Ciocalteu’s
phenol reagent was added to the mixture and shaken. After 5 min, 10 cm3 of 7% (w/v) sodium
carbonate solution was added and the mixture was diluted to 25 cm3 with deionised water. After
incubation for 90 min at room temperature, the absorbance against a prepared reagent blank was
determined at 750 nm with a UV-Vis spectrophotometer (Shimadzu UV-1800). A calibration
curve was prepared using gallic acid of concentrations of 20, 40, 60, 80 and 100 ppm (Appendix
A, page 13). The total phenolic content of the extract was expressed as milligrams of gallic acid
equivalents per gram (mg GAE/g) of peel.
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3.5. Preparation of mandarin orange peel biochar
The mandarin orange peels obtained previously were placed in the furnace to undergo slow
pyrolysis at 500 °C for 1 h. The obtained mandarin orange peel biochar was then ground into a
fine powder with a mortar and pestle.
3.6. Synthesis of ZrO2 nanoparticles
1.782g of zirconium oxychloride was dissolved per 100 cm3 of deionized water to obtain a 0.1
mol dm-3 zirconium oxychloride solution. With stirring, 3 cm3 of mandarin orange peel extract
per 100 cm3 of water was added to the solution. The pH of the mixture was adjusted to 7.5 with
1 mol dm-3 sodium hydroxide, followed by vigorous stirring for 16 hours (Appendix B, page 13).
The precipitate formed was centrifuged and washed with deionised water until no more Cl- ions
were present. The final product was dried at 60°C in an oven until constant mass and ground into
a fine powder using a mortar and pestle. The reaction which leads to the formation of ZrO2
nanoparticles is proposed to be:
ZrOCl2 + 2NaOH → ZrO2 + 2NaCl + H2O
Polyphenols present in the mandarin orange peel extract act as capping agents to stabilize the
particles by preventing them from aggregating. The ZrO2 nanoparticles synthesised were
characterised using Scanning Electron Microscopy (SEM) and Fourier-Transform Infrared
(FTIR) spectroscopy.
3.7. Synthesis of mandarin orange peel biochar-ZrO2 nanoparticles composite
Mandarin orange peel biochar and ZrO2 nanoparticles were mixed homogeneously in 4% (w/v)
sodium alginate solution in a 0.25 g to 1 g to 100 cm3 ratio and stirred on a hot plate at 75 °C.
The mixture was then droppered into 4% (w/v) calcium chloride solution. The resulting beads
were soaked in the solution overnight, filtered and rinsed in deionised water repeatedly until free
of chloride ions then oven-dried overnight.
3.8. Preparation of Serratia marcescens pre-cultures
S. marcescens was inoculated into two 10 cm3 portions of LB broth and grown for 24 h at 30°C
in a shaking incubator. The absorbance of the culture at 600 nm was standardised at 0.8 the
following day.
5

3.9. Adsorption capabilities and antibacterial properties tests
3.9.1. Heavy metal ions and organic dyes adsorption tests
50 ppm copper(II) ions, iron(III) ions, Direct Red 80 and Remazol Brilliant Blue R solutions
were prepared by dissolving 0.197 g of copper(II) sulfate, 0.362 g of iron(III) nitrate and 0.500
mg of Direct Red 80 and Remazol Brilliant Blue R dyes into 1 dm3 of water respectively. 0.2 g of
each adsorbent (ZrO2 nanoparticles, mandarin orange peel biochar, synthesised composite) was
submerged in 20 cm3 of each solution in centrifuge tubes, with 5 replicates carried out for each
pollutant, making a total of 60 mixtures. The mixtures were all shaken in the orbital shaker at
180 rpm for 16 hrs. The adsorbent was separated from the mixture by centrifuging the mixture at
8000 rpm for 5 min. The supernatant was then analysed for the concentration of remaining
copper(II) and iron(III) ions in ppm using a colorimeter (HACH DR/890). For organic dyes, a
UV-Vis spectrophotometer (Shimadzu UV-1800) was first used to plot a calibration curve with
the lambda max of known concentrations of the dye solutions (Appendix C, page 14), then used
to find the remaining concentration of Direct Red 80 and Remazol Brilliant Blue R in the
processed solutions in ppm by relating their absorbance at the lambda max to the concentration
of each dye in the solutions on the respective calibration curve plotted.

The adsorption of each pollutant was evaluated in terms of removal efficiency (R), which was
calculated in % according to the following formula:
𝑅=

𝐶𝑖−𝐶𝑓
𝐶𝑖

× 100%, where Ci and Cf represents initial and final concentration

3.9.2. Antibacterial properties test
In the experimental set-ups, 0.1g of ZrO2 nanoparticles was added to 0.5 cm3 of S. marcescens
culture and 9.5 cm3 of LB broth. In the control set-ups, 0.5 cm3 of S. marcescens culture was
added to 9.5 cm3 of LB broth. 3 replicates of each set-up were prepared. There were 2 different
set-ups with 6 total mixtures. All replicates were placed in a shaking incubator at 30°C for 24h.
Serial 10-fold dilution was carried out with normal saline to an appropriate dilution factor. 0.1
cm3 of the diluted culture was spread on LB agar plates and incubated overnight at 30°C for 24h.
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The colony counts were recorded.
4. Results and Discussion
4.1. Characterisation of zirconium oxide nanoparticles
4.1.1. Scanning electron microscope (SEM) imaging of nanoparticles
ZrO2 nanoparticles synthesised with mandarin orange peel extract were spherical in shape, while
those synthesised without the extract were irregularly shaped (Figure 1.1). ZrO2 nanoparticles
synthesised without mandarin orange peel extract were determined to have an average size of
4850.7 nm, which is about 50 times as large as those synthesised with mandarin orange peel
extract, which had an average size of 105.34 nm (Appendix D, page 15). Total phenolic content
assay conducted on the mandarin orange peel extract shows that it contains 9.903 mg GAE/g of
peel, which is significantly higher than most fruits (Chen et al., 2014) and similar to most orange
varieties (Lagha-Benamrouche & Madani, 2013). It was proposed that polyphenols present in the
mandarin orange peel extract act as capping agents for the ZrO2 nanoparticles, stabilizing them
and preventing them from aggregating, hence resulting in particles with much smaller sizes.

Figure 1.1: SEM images of ZrO2 nanoparticles synthesised with (left) and without (right)
mandarin orange peel extract
4.1.2. Fourier-transform infrared spectroscopy (FTIR)
The observed adsorption peak at about 470 cm-1 region is due to the Zr–O vibration, which
confirms the formation of ZrO2 structure. The prominent peak at around 1380 cm-1 region
corresponds to O–H bonding, while the peak in the region of around 1553 cm-1 may be due to the
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adsorbed moisture. The 3425–3495 cm-1 region is attributed to stretching of O–H groups. (Singh
& Nakate, 2014). Overall, the spectrum is in agreement with what was reported in literature.

Figure 2.1: FTIR of ZrO2 nanoparticles
synthesised with mandarin orange peel
extract

4.2. Adsorption of Cu 2+ and Fe3+ ions
The synthesised composite was the most effective in adsorbing copper(II) ions, with a mean
percentage removal of more than 99%, while mandarin orange peel biochar was most effective in
adsorbing iron(III) ions, with a mean percentage removal of more than 90% (Figure 3.1).
Figure 3.1: Adsorption of Cu 2+ and Fe3+ by
composite (right) as compared to the ZrO2
nanoparticles (left) and biochar (middle)

4.3. Adsorption of Direct Red 80 and Remazol Brilliant Blue R organic dyes
The ZrO2 nanoparticles were the most effective in adsorbing Direct Red 80 and Remazol
Brilliant Blue R dyes, with both percentage removal being more than 70% (Figure 4.1). The
composite however was the least effective in both scenarios. This may have been due to the
biochar to nanoparticles ratio not being optimized, as a result of a lack of time from the
pandemic, thus affecting the adsorption capabilities of the composite.
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Figure 4.1: Adsorption of Direct Red 80 and
Remazol Brilliant Blue R by composite
(orange) as compared to its constituent

4.4. Antibacterial properties of zirconium oxide nanoparticles

Figure 5.1: Image of mean colony count
of S. marcescens in control (below) and
experimental (above) set-ups

Figure 5.2: Graphical representation of S.
marcescens colony count in control (blue) and
ZrO2 nanoparticles (orange) set-up

From Figure 5.1, the mean colony count of S. marcescens in the experimental set-ups were
higher than that in the control set-ups (300.0 vs 38.0 [x106] respectively). The results show that
the ZrO2 nanoparticles did not exhibit any antibacterial activity against the S. marcescens as the
growth rate was higher in the experimental set-up than in the control set-up. Since the dilution
factor for the control and experimental set-ups are not the same (x10-5 vs x10-6, respectively), a
visual comparison is not accurate.

ZrO2 nanoparticles have been proven to exhibit antibacterial activity against Escherichia coli,
reducing its growth rate (Jangra et al., 2012). As our nanoparticles were not autoclaved before
inoculation with the S. marcescens due to time constraints imposed by the pandemic, there may
have been contamination from the precipitation process, leading to the mean colony counts of S.
marcescens being higher in the experimental set-ups than in the control set-ups. Further
antibacterial tests could not be conducted due to the coronavirus situation.
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4.5. Mann-Whitney U tests on collected results
Mann-Whitney U tests were conducted separately on each of the individual results obtained.
There is no significant difference in percentage removal of Cu2+ ions between mandarin orange
biochar and the synthesized composite, but there was in the case of Fe3+ ions, with p-values of
0.063 (>0.05) and 0.012 (<0.05) respectively. There is also a significant difference in the
percentage removals of Direct Red 80 and Remazol Brilliant Blue R dyes between ZrO2
nanoparticles and the synthesised composite. The p-values obtained were both 0.012 (< 0.05).
5. Conclusion and Future Work
A composite of stabilized ZrO2 nanoparticles and mandarin orange peel biochar encapsulated in
calcium alginate beads was successfully synthesised. From the data, the biochar was shown to be
highly effective in adsorbing heavy metal ions while the ZrO2 nanoparticles were shown to be
mostly effective in adsorbing organic dyes. However, the synthesised composite performed
slightly worse than the biochar in the adsorption of heavy metal ions and was shown to have
almost no adsorption capabilities towards organic dyes. In addition, the ZrO2 nanoparticles were
not shown to exhibit antibacterial properties, though this could be due to contamination. This
shows that the synthesised composite at the current ratio of biochar to nanoparticles does not
possess comparable adsorption capabilities and antibacterial properties to its constituents. Thus,
at present, we are unable to prove that the composite can be used as a more versatile and
cost-effective alternative to using mandarin orange peel biochar and the ZrO2 nanoparticles
separately in the purification of different pollutants in water.

Future work can include isotherm studies to investigate the adsorption mechanisms of the ZrO2
nanoparticles, biochar and composite synthesised, as well as adsorption-desorption cycles to
further analyse the composite’s reusability. The ratio between the biochar and nanoparticles can
also be optimised to maximise the adsorption capability and antibacterial properties of the
composite. Due to time constraints imposed by the pandemic, we were only able to conduct
antibacterial tests on gram negative Serratia marcescens, leading to inconclusive results.
Therefore, further tests could be conducted to determine the antibacterial properties of the
composite and its constituents on gram positive bacteria, such as Bacillus subtilis.
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Appendix A: Calibration curve for phenolic content assay
A calibration curve for 1 cm3 of gallic acid with concentrations of 20, 40, 60, 80 and 100 ppm,
each with 1 cm3 of Folin-Ciocalteu’s phenol reagent, 10 cm3 of 7% (w/v) sodium carbonate
solution and 13 cm3 of deionised water after incubation for 90 min at room temperature was
obtained at 750 nm, based on the Folin-Ciocalteu assay (Figure 6.1). As the coefficient of
determination (R2) obtained for the linear equation derived is close to 1, it is used to determine
the concentration of polyphenols in the extract, expressed in milligrams of gallic acid equivalents
per gram (mg GAE/g) of peel.

Figure 6.1: Calibration curve for phenolic content assay

Appendix B: Synthesis of zirconium oxide nanoparticles
Based on several studies (Keiteb et al., 2016; Salehpour & Ghanbary, 2016), the conventional
way of synthesising zirconium oxide nanoparticles involves calcination, which is highly
energy-intensive and costly, hence limiting its production thus its use as an adsorbent. On the
other hand, the synthesis method employed in this study was a facile, cost-effective and one-step
precipitation method, not requiring a significant amount of energy to conduct, thus increasing its
potential as a suitable adsorbent and antibacterial agent for the purification of water.
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Appendix C: Calibration curves for Direct Red 80 and Remazol Brilliant Blue R dyes
Calibration curves for Direct Red 80 and Remazol Brilliant Blue R dyes were obtained at their
respective lambda maxima of 526.5 nm and 591 nm respectively (Figures 6.2 and 6.3). As the
coefficient of determination (R2) obtained for the linear equation derived for both calibration
curves is close to 1, they are used to determine the concentration of Direct Red 80 and Remazol
Brilliant Blue R from the absorbance obtained from UV-Vis spectrophotometer for all
subsequent dye adsorption studies.

Figure 6.2: Calibration curve for Direct Red 80, diluted by a factor of 10

Figure 6.3: Calibration curve for Remazol Brilliant Blue R
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Appendix D: Determination of size of zirconium oxide nanoparticles by scanning electron
microscopy (SEM)
The average sizes of the nanoparticles were derived from the measurements made under SEM
imaging (Figure 6.4).

Figure 6.4: SEM images of ZrO2 nanoparticles synthesised with (left) and without (right)
mandarin orange peel extract, with size measurements
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