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Abstract: In the current study, the Fe;Os/biochar nanocomposite was synthesized through
a self-assembly method, followed by the immobilization of Pseudomonas putida (P. putida)
on its surface to produce the P. putida/Fe,Oz/biochar magnetic innovative nanocomposite.
The synthesized nanocomposite was characterized using different techniques including X-ray
diffraction, transmission electron microscopy (TEM), scanning electron microscopy (SEM),
and Fourier-transform infrared spectroscopy (FI-IR). Then, the efficiencies of this material to
remove calconcarboxylic acid (CCA) organic dye, ammonium ions (NH;*), and phosphate ions
(PO,3") from industrial wastewater were analyzed. The removal rates of up to 82%, 95%, and 85%
were achieved for CCA dye, PO,3~, NH,*, respectively, by the synthesized composite. Interestingly,
even after 5 cycles of reuse, the prepared nanocomposite remains efficient in the removal of pollutants.
Therefore, the P. putida/Fe3O4/biochar composite was found to be an actual talented nanocomposite
for industrial wastewater bioremediation.
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1. Introduction

Calconcarboxylic acid (CCA), also known as 2-Hydroxy-1-(2-hydroxy-4-sulfo-1-naphthylazo)-3-
naphthoic acid, is an important organic compound used in pharmaceutical industries as an indicator
for Ca®* determination in the presence of Mg?* ions by titration against EDTA at pH 12 [1]. CCA has
acute health effects such as irritation or damage of the human eye, skin inflammation, and lung
damage in case of inhalation, while long-term exposure may lead to pneumoconiosis and bladder
cancer. In addition, there are negative influences on the biotic environment components by azo dyes,
such as the carcinogenic effect on living marine organisms and the inhibition of photosynthesis in
plants [2]. Thus, azo dyes in industrial wastewater must be treated properly before it is released to the
environment. Many efforts have been made to use microorganisms as a friendly process for wastewater
treatment by degrading pollutants through their metabolism [3-8]. However, various factors such as
cell recovery and slow biodegradation are likely to limit the application of the biological wastewater
treatment process. In addition to CCA, PO, and NHy* released into water bodies represent a
real problem for human and environment as their high levels lead to eutrophication phenomenon
resulting from high algae productivity [9]. Therefore, the efficient removal of PO~ and NHy* from
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wastewater is essential to prevent water bloom and eutrophication. Recently, studies have been
done to efficiently remove PO,4% and NH,* from wastewater [10-13]. Pharmaceutical wastewater
treatment faces difficult challenges due to the difficulty of treatment as this wastewater is a complex
matrix containing various components like the CCA dye. Many researchers from all over the world
have made efforts to treat real pharmaceutical wastewater samples [14-17]. To reduce effectively the
pollutant concentration to an acceptable and safe rate, it is very important to look for an appropriate
technique. Therefore, in the present study, nanotechnology and biodegradation were combined
as a potential technique to remove CCA azo dye, PO,3~, and NHy* from industrial wastewater.
The combination is performed between Fe3O4 nanoparticles with biochar and Pseudomonas putida
(P. putida) bacteria to benefit from the properties of each component. High reactivity, natural abundance,
and magnetic recyclability are excellent features of iron oxide nanoparticles, allowing for their use in
remediation processes [18,19]. However, all these advantages face the spontaneous aggregation of
Fe3O4 nanoparticles in a solution that inhibits their function. Consequently, Fe304 nanoparticles were
loaded over carriers (biochar) to prevent their aggregation. Biomass pyrolysis in the absence of oxygen
leads to the production of carbon-rich biochar useful in different applications such as mitigated climate
change, CO, removal [20-25], cathode materials in battery [26], soil fertility [27], and pollutant removal
(organic compounds and heavy metals) [28-30] due to its porous properties, abundant functional groups,
and alkaline nature. Each component of the P. putida/Fe;0O4 nanoparticles/biochar nanocomposite has
a function: Fe3O4 nanoparticles is for adsorption and magnetic separation, biochar is for adsorption,
and P. Putida is for biodegradation. Thus, the Fe3O,4 nanoparticles/biochar nanocomposite was prepared
firstly and followed by the immobilization of P. Putida bacteria on the composite surface. The chemical
characterization of the composite was performed as well as investigation into its ability to remove
CCA, PO43, and NH,* from pharmaceutical effluents.

2. Materials and Methods

2.1. Chemicals and Water Sample Collection

FeSO,4 was supplied from Sigma-Aldrich (St. Louis, Missouri, USA) while FeCl; was supplied
from Xilong Scientific Co. (Shantou, China). Biochar was supplied from Biochar Now Co. (Berthoud,
Colorado, USA). An ammonia aqueous solution (33%, v/v) was supplied from Al-Nasr Co. (Helwan,
Egypt). All chemicals were used in the commercial form without any purification. Industrial wastewater
samples were collected from the drainage of Mansoura Co. (Cairo, Egypt) for medical and
pharmaceutical industries, Gamasa industrial region, Egypt.

2.2. Preparation of the Iron Oxide/Biochar Nanocomposite

Iron oxide (Fe3Oy4) nanoparticles were prepared by mixing FeSO4 and FeClz with a 1:2 molar ratio
in the presence of an adequate quantity of an aqueous ammonium solution. Then, the mixture was
stirred for 40 min under a nitrogen atmosphere. The formed nanoparticles were separated (using a
magnet) and washed several times with distilled water. Then, 2 g of biochar was gridded and sieved
through a 0.2 mm mesh. Fe3O4 nanoparticles were suspended in a 400 mL deionized water and the
gridded biochar was added to the suspension and stirred for 5 h. Finally, the composite was separated
with a magnet, washed several times with distilled water and kept to dry in the oven for 6 h at 85 °C.
The resulted Fe3O4/biochar nanocomposite was characterized using many techniques including X-ray
diffraction (XRD) from 10° to 70° of 20 region using Rigaku MiniFlex 600 X-ray Diffractometer with the
Cu Ka radiation (A = 1.54051 A). The scanning electron microscopy (SEM; Philips XL.30 ESEM) was
used to obtain SEM images of the prepared nanocomposite. For transmission electron microscopy
(TEM) images, the nanocomposite was ground and suspended in water, and the supernatant was used
for sample preparation. Additionally, Fourier-transform infrared (FT-IR) spectra of prepared materials
were obtained using the Nicolet Magna FT-IR spectrometer from 400 cm™! to 4000 cm™!.
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2.3. Bacteria Cultivation and Immobilization on the Iron Oxide/Biochar Nanocomposite

P. putida bacterial strain used in the biodegradation process were cultivated in a growth medium
containing Na,CO3, agar, glucose (3%, w/v), KH,POy, yeast extract, and MgSOj, at a neutral pH value
and 30 °C for 72 h. After growth, bacterial cells were collected and washed several times with distilled
water. Then, the cells were suspended in water. In the 400 mL culture solution, 1 g of suspended cells
was mixed with the nanocomposite of a similar weight on a shaker for 3 h to allow for the complete
adsorption of the bacterial cell inside the pores of the nanocomposite. The immobilized composite was
washed three times by distilled water to remove un-adsorbed cells after collection by a magnet from
the solution. The obtained P. putida/Fe;04 nanoparticles/biochar composite was used to remove CCA,
PO,3~, and NH4* from the industrial effluent.

2.4. Industrial Wastewater Content and Batch Study

The wastewater contents of CCA, NH;*, and PO,3~ were determined using LC-MS/MS,
a Nessler reagent colorimetric method, and a molybdenum blue spectrophotometer, respectively.
The concentrations were found to be 2.5 mg/mL for CCA, 11.1 mg/mL for NH;*, and 3.4 mg/mL
for PO4%~. Batch experiments were carried out in 250 mL flask at room temperature and pH 7.
Wastewater-free agents were set as a control while 100 mL of wastewater were mixed with free
bacterial cells (0.06 g wet weight as an immobilized amount), FezO4/biochar composite (0.12 g),
and P. putida/Fe3Oy4/biochar composite (0.06 g bacterial cell wet weight and 0.06 g Fe3O4/biochar
composite). Then, a magnet was used to take a sample from the suspension at different times of the
experiment and passed through a Whatman Grade 42 filter paper (0.45 pm) before being analyzed
for CCA, NHy*, and PO4>~. After each experiment, the composite separated by a magnet was gently
washed with deionized and its reusability was tested. Each experiment was conducted in triplicate.

3. Results and Discussion

3.1. Characterization of the P. putida/Fe3Oy4/Biochar Composite

The prepared Fe3O,4 nanoparticles, biochar, and Fe3O4/biochar nanocomposite were characterized
using different techniques: TEM, SEM, FT-IR, and XRD. The SEM and TEM images are presented in
Figure 1, in which the morphology of Fe304 nanoparticles is clear spherical with a 11 nm particle
size. A rough and porous biochar surface is clearly shown in an SEM image (Figure 1d). This surface
is excellent to allow for uniform dispersion of iron oxide nanoparticles and reduce the aggregation
process of nanoparticles. XRD and FT-IR spectra of the biochar, Fe;O,4 nanoparticles, and Fe;O4/biochar
nanocomposite were presented in Figure 2a,b. In terms of the FT-IR spectra (Figure 2b), there is a
match between the composite and biochar spectra, but the presence of the Fe-O band at 637 cm™!
(stretching vibration) indicates the presence of the iron oxide in the composite. According to XRD
in Figure 2a, the crystalline structure is indicated due to the appearance of strong sharp bands in
nanoparticles and nanocomposites. The peak matching between nanoparticles and nanocomposites
indicates the adsorption of magnetic nanoparticles on the biochar surface.
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Figure 1. TEM images of Fe304 nanoparticles (a), biochar (b), and Fe3O4/biochar composite (c). SEM
images of biochar (d), Fe3O4/biochar composite (e), and magnified SEM of Fe3O,/biochar composite (f).
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Figure 2. XRD (a) and FI-IR (b) spectra of Fe3O/biochar composite, biochar, and Fe;O4 nanoparticles.
3.2. Pollutants Removal

The prepared Fe;Oy/biochar and P. putida/Fe3;O4/biochar composites can be used separately as
an efficient catalyst or sorbent for CCA, PO,%", and NH;* removal from pharmaceutical wastewater.
For CCA, P. putida bacteria alone show effective removal of CCA organic dye as the bacteria can
use organic materials in the phosphorylation process. The P. putida strain leads to a removal rate of
CCA organic azo dye of 65% from the pharmaceutical wastewater after half an hour of incubation,
as shown in Figure 3a. The CCA dye removal by the mean of Fe,Os/biochar nanocomposite reached
69% (Figure 3a) due to the high surface area resulting from its porous structure that enhances CCA
adsorption on the composite surfaces. Moreover, its small energy gap (2.3 eV) [31] leads to the
absorption of light that results in photo-degradation of the CCA organic dye, while the immobilization
of P. putida on the surface of the composite leads to an achievement of 82% CCA removal from the
industrial wastewater as indicated in Figure 3a, which is significantly greater than that reached by
the bacteria alone and the nanocomposite. This improvement of CCA removal may have resulted
from the triggering of the bacterial enzymatic activity, and growth and metabolism by iron ions of
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the composite. The simulation of enzymatic activity was due to the presence of Fe-Fe bond inside
the bacterial hydrogenase enzyme [32]. Therefore, the presence of iron nanoparticles enhances the
enzymatic activity. Moreover, the growth and the bacterial metabolism were activated due to iron
oxide nanoparticles that act as an extracellular acceptor of electrons [33]. Herein, the bacteria consume
the organic pollutant CCA for its growth and metabolism.

For PO,3~ and NH,4* removal from the industrial wastewater, P. putida bacteria alone show
removal rates of 64% and 62% (Figure 3b,c), respectively. This result was expected as PO~ and NH,*
are essentially utilized by bacteria for growth and metabolism during the phosphorylation process [34]
and protein synthesis. The PO43~ removal by means of the Fe,O3/biochar nanocomposite reached 93%
at the first 10 h which is attributed to the attraction between negatively charged phosphate ions and
the oppositely charged iron oxides besides the formation of inner complexes by the replacement of
phosphorus group with the hydroxyl group of magnetic oxide [35]. However, only 51% of NH4* was
removed by the Fe,Os/biochar nanocomposite as expected due to the repulsion between positively
charged ammonium ions and ferric oxides. The higher removal rates of PO43~ (95%) and NH,* (85%)
were reached by means of the P. putida/Fe;Os/biochar nanocomposite. The obtained results for PO,
and NH;" removal rates are better than that for NH;* removal with wetlands methods [36] and better
than that for PO43~ removal in an activated sludge process [37].
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Figure 3. Removal of calconcarboxylic acid (CCA) (a), NH4* (b), and PO,*>~ (c) by using
Pseudomonas putida (P. putida), Fe3Oy/biochar, and P. putida/Fe;Oy/biochar composites; (d) five-cycle
pollutant removals.



Processes 2019, 7, 800 60f8

3.3. Composite Reusability for Wastewater Treatment

The recyclability of nanocomposite is a significant feature for optimal wastewater treatment.
In this context, there must be two key issues—whether the recycled catalyst can be readily retrieved
and whether it retains its operation. Both elements are excellent for the P. putida/iron oxide
nanoparticles/biochar composite. Interestingly, the main advantage of this composite is that it
can be easily recovered by a bar magnet taking advantage of Fe304 magnetism. The magnetic property
of iron oxide nanoparticles are an exceptional physical feature, which independently helps to purify
water by affecting the physical characteristics of water pollutants. Additionally, the prepared composite
does not lose its activity to remove CCA, PO43~, and NH,* from the pharmaceutical wastewater
even after five cycles, as shown in Figure 3d. After five cycles, the composite efficiency removals are
85%—87% for NH;*+ and 84% for CCA, while it decreased to 87% for PO43~ in cycle five. Based on
these results discussed above, the prepared composite is an appropriate agent for pharmaceutical
wastewater bioremediation.

4. Conclusions

In the present research, the self-assembly technique was used to prepare iron oxide
nanoparticles/biochar nanocomposites. Through a slight load, the oxide nanoparticles were well
distributed on the surface of biochar. After the iron oxide nanoparticles/biochar nanocomposite
preparation, P. putida strain cultivated in our laboratory were immobilized on the surface of the
composite to finally produce the P. putida/Fe;O3/biochar nanocomposite efficiently for the removal of
CCA organic dye, PO4*>~, and NH, " from pharmaceutical wastewater treatment. The magnetic feature
of the prepared composite allows for its reuse in many cycles with high activity toward pollutants
removal. However, more research is needed to explore other types of industrial wastewaters and to
determine the optimal treatment factors (pH, temperature, dosage, etc.). Finally, the efficiency of this
process should be studied at a large scale, in a real environment, and for wastewaters from various
origins, followed by a techno-economic evaluation.
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