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Abstract

In this paper, a new multifunctional nanocomposite was synthesized to combine both the advantages of sorption properties
and antibacterial efficiency. The thiourea polyurethane/zinc oxide nanocomposite was prepared by coupling thiourea polyu-
rethane foam and zinc oxide nanoparticles. The thiourea polyurethane/zinc oxide was characterized using several tools. The
change in the surface chemistry of the thiourea polyurethane/zinc oxide nanocomposite (surface area was increased from
2.8 to 10.6 m?/g), due to the attached functional groups, increased its sorption properties. Also, the thiourea polyurethane/
zinc oxide showed a crystalline phase, embedded inside the amorphous structure, with good thermal stability to 230 °C.
The pore volume and radius of thiourea polyurethane/zinc oxide were 0.017 cm?/g and 3.4 nm with mesopores/micropores
ratio of 11:1. It combines collecting pollutants on its surface, the ability to degrade these pollutants, and a good antibacterial
effect. Thiourea polyurethane/zinc oxide was applied for the removing toluidine blue and brilliant green basic dyes from the
wastewater. Several parameters such as pH, dye concentration, temperature, and time were studied. The removal percentages
of brilliant green and toluidine blue dyes from the wastewater were 92.4-98.2% at pH 3—12. Also, the removing rate of the
dyes was very fast (3—5 min) at 25 °C. The estimated capacities of new nanocomposite for toluidine blue and brilliant green
were 92 and 227 mg/g. The removal process was spontaneous (AG was —7.3 and —8.6). As a result, the applicability of
thiourea polyurethane/zinc oxide as an effective renewable antibacterial sorbent for removing cationic dyes was maintained.
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Introduction

Water pollution has become one of the most important
research subjects in recent years. Water is an essential and
general need of human life and organisms due to its impor-
tance for drinking, agriculture, and daily activities. If the
water becomes contaminated due to pollution, it can be
harmful to humans and wildlife (Kiwaan et al. 2020; Jiang
et al. 2020). Major of these pollutants are the organic dyes
which used in veterinary medicine, textile, and plastic indus-
tries (Maleki et al. 2017; Hicham et al. 2019; Mohanraj et al.
2020). The wastewater contaminated with cationic dyes such
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as brilliant green and toluidine blue can cause cancer of the
bladder and retinal liver sarcoma (Moawed et al. 2019a, b,
c; Islam et al. 2019). Many studies are looking for ways to
remove dyes from the wastewater. Adsorption is the adhe-
sion of contaminated particles on the surface of solid mol-
ecules, and it is the most preferable technique for wastewa-
ter treatments (Zhang et al. 2019; Hou et al. 2020). While
the photodegradation technique destroys the dyes and other
organic species in wastewater, therefore it is used intention-
ally in some disinfection technologies (Li et al. 2019; Yilmaz
et al. 2020).

Polyurethane foam (PUF) has been widely used as a
good sorption material due to its efficiency, low cost, easy
handling, and storage. The presence of polar and nonpolar
functional groups in PUF makes it more proper to sorbate
different materials (Moawed et al. 2019a, b, c¢). Besides,
polyurethane foam can be recycled easily after the desorp-
tion of pollutants. The high basicity of PUF decreases the
sorption capacity of basic dyes and metal ions (Moawed
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and El-Shahat 2013). Therefore, many reports studied the
uses of the PUF with coupling with ligand through an azo
group (Moawed and El-Shahat 2006), grafting with chelat-
ing reagent (EI-Shahat et al. 2007), the substitution of its
functional groups (Moawed et al. 2017), or immobilization
with specific reagents (Stenholm et al. 2020). In this paper,
the thiourea polyurethane/zinc oxide nanocomposite was
prepared by replacing the basic functional groups (primary
amines) of PUF with thiourea groups; then, coupling with
zinc oxide can increase its sorption properties.

Zinc oxide nanoparticles (ZnONP) have received
more concerns over the last few years due to specific physi-
cal and chemical properties. Also, ZnONP exhibits thermal
stability and attractive antibacterial properties (Cao et al.
2009; Mohamed et al. 2019). Moreover, ZnONPs are low
cost and relatively nontoxic to the environment (Moawed
etal. 2019a, b, c; Xu et al. 2019). Generally, the addition of
ZnONP to sorbents not only improves its properties, whether
adsorption or catalytic degradation of pollutants, but also
enhances its antibacterial effect (Mostafa et al. 2020; Tang
et al. 2020).

In this paper, TPUF/ZnO was synthesized to combine
both the advantages of sorption properties of TPUF and
the antibacterial efficiency of ZnONP. Polyurethane foam
(PUF) was modified with thiourea groups. ZnONP was
then refluxed with the thiourea polyurethane foam (TPUF)
in ethanol. TPUF/ZnO was characterized using XRD, SEM,
IR, UV-Vis, BET, and TGA. The activity of TPUF/ZnO was
investigated for the detection and removal of brilliant green
(BG) and toluidine blue (TBO) basic dyes from wastewater
of Damietta industrial city, Egypt. The wastewater samples
were collected from five places for a duration of 7 weeks.
The effects of time, dye concentration, pH, and temperature
were examined. Also, the antibacterial activity of TPUF/
ZnO was tested against Escherichia coli (E. coli), Staph
aureus (S. aureus), and Salmonella food poisoning bacteria.

Materials and Methods
Materials

We added the following sentences: Commercial PUF
(d=12 kg/m?) was supplied from Foamex Company for
foam production, Damietta, Egypt. All chemicals used in
the experiment were purchased from Sigma-Aldrich (USA)
and Adwic (Egypt). Commercial PUF sheets were supplied
by the Egyptian company for foam production.

Preparation of ZnONP

A 15 mL of NH,OH (7 mol/L) solution was added to 150 ml
of ZnS0O,.7H,0 solution (0.5 mol/L), and then, 15 ml of
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NaHCOj; solution (3 mol/L) was added drop by drop. A
colloid of zinc hydroxy carbonate was formed at 60 °C
(30 min), filtered, and washed with distilled water and etha-
nol. The colloid was dried at 110 °C overnight and calcined
at 400 °C for 2 h to form ZnONP (Cao et al. 2007; Moawed
et al. 2019a, b, ¢).

Preparation of TPUF

A 10 g of PUF cubes was soaked in 1 mol/L. HCI overnight
and then washed with distilled water. A 50 mL of concen-
trated HCI and then 25 mL of NH,SCN solution (5 g/L)
were added to PUF.

Preparation of TPUF/Zn0O nanocomposite

A TPUF was refluxed with 2 g of ZnONP in 200 mL etha-
nol for 6 h. The TPUF/ZnO was washed with solutions of
0.1 mol/L HCI and 0.1 mol/L NaOH followed by ethanol
and dried in air.

Preparation of dye solutions

A 0.1 g of toluidine blue (C,;5H,,CIN;S, 305.8 g/mol) and
brilliant green (C,;H44,N,0,S, 482.6 g/mol) were dissolved
in 100 mL distilled water.

Apparatus

XRD pattern of TPUF/ZnO was investigated using an X-ray
diffractometer (D8-Brucker) equipped with Cu Ko radia-
tion (1=1.54 A). The surface morphology of TPUF/ZnO
was examined using SEM, JEOL) JSM-6510LV, USA (. The
electrical conductivity of TPUF/ZnO was evaluated in the
solid state using Keithley (6517B electrometer). FTIR spec-
trum was performed by JASCO-410 spectrometer (JASCO,
Easton, MD). UV-Vis spectrophotometer (JASCO, V-630,
Japan) was employed for absorbance measurements. The
sorption/desorption isotherm of N, onto TPUF/ZnO com-
posite at — 196 °C was evaluated using NOVA 3200, USA
apparatus. Thermal analysis (TGA, DTA, and DSC) of
TPUF/ZnO was estimated at 29-1000 °C by DSC-TGA
device model (SDTQ 600, USA) under N, atmosphere (flow
rate of 100 mL/min and a heating rate of 10 °C/min).

General procedures

TPUF/ZnO capacities (Q) and dye removal percentage
(%E) were estimated using batch technique at pH (1-14),
time (3—-60 min), and temperature (25-85 °C). A 25 mL of
(100-1000 pg) brilliant green or toluidine blue solutions
amounts of BG and TBO dyes were shaken with 100 mg of
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TPUF/ZnO. The percentage of dye removal and sorption
capacity were investigated using the following equations.

C,—-C
%E = OC ¢ x 100 )

0

Q=CyEV/m 2)

where C; and C, are the initial and remaining dye concentra-
tion (mg/L), V is the volume of toluidine blue and brilliant
green, and m is the weight of TPUF/ZnO (g).

Results and discussion
Characterization of TPUF/Zn0O

The surface morphology of TPUF/ZnO nanocomposite was
investigated using SEM images with different magnifica-
tions (100-20,000x) as shown in Figs. 1 and S1. The SEM
image at 500 X magnification (Fig. 1A) illustrates that the
surface of TPUF was coated with ZnONP. It also shows that
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Fig. 1 Surface morphology of TPUF/ZnO

the ZnONP was adsorbed inside TPUF spaces. Higher mag-
nification of TPUF/ZnO nanocomposite images, at 5000x,
10,000x, and 20,000x, shows that the crystals of ZnONP
were aggregated onto the surface of TPUF. Also, it reveals
that ZnONP was converted from a spherical shape (Moawed
et al. 2019a, b, c) to a hexagonal shape in TPUF/ZnO (Fig. 1,
S1). Therefore, SEM analyses confirmed the successful cou-
pling between ZnONP and TPUF.

The XRD patterns of TPUF/ZnO nanocomposite showed
strong and narrow diffraction peaks (Fig. 2), which refers
to the good crystallinity of the TPUF/ZnO. A broad dif-
fraction band was observed at 19.8°, which indicates the
amorphous character of TPUF/ZnO. The intensity of this
band was decreased from 84 to 37 counts, and it was shifted
from 20.9 to 19.8° (Fig. 2, 2S). The formation of TPUF/
ZnO composite with a significant change of the amorphous
phase was indicated. The diffraction peaks of TPUF/ZnO at
31.9,34.5,36.4,47.6,56.8, 63.0, 68.3, and 76.9° were attrib-
uted to ZnONP. These diffraction peaks show the hexagonal
wurtzite phases of ZnONP. Similar results were reported in
the Joint Committee on Powder Diffraction Standards
(JCPDS file PDF NO. 36-1451) (Shatnawi et al. 2016).
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Fig.2 XRD patterns of TPUF@ZnO

However, the diffraction peaks at 20 around 41, 50, and
58° indicate the coupling between TPUF and ZnONP.
The particle size (D) of TPUF/ZnO was calculated from
the diffraction peaks using the Debye—Scherrer equation
(D =0.894/p cos 0) where M is the wavelength of X-rays,
0 is the Bragg diffraction angle, and f is the full width at
half-maximum (FWHM) of the diffraction peak. The aver-
age particle size of TPUF/ZnO nanocomposite is 18.4 nm.
Surface area and pore volume of TPUF/ZnO were esti-
mated using BET and BJH techniques. The N, adsorp-
tion/desorption isotherm of TPUF/ZnO was nearly similar
to type-IV of IUPAC classification, which dominates the
mesopores property (Fig. 3A). The isotherm showed that
the adsorbed amount of N, was increased gradually with
increases in the relative pressure. The hysteresis loop was
exhibited H3 type, which generally corresponds to aggre-
gates of platelike particles or slit-shaped pores. The BET
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Fig.3 BET and BJH curves for the sorption and desorption of N, gas
onto TPUF@ZnO
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surface area of TPUF/ZnO (10.6 m*/g) was higher than
that of PUF (2.8 mz/g) and lower than that of ZnONP
(31.5 m*/g). ZnONP was grafted within the TPUF matrix
as shown in Fig. S3. Barrett/Joyner/ Halenda (BJH) method
was used to find pore volume and pore radius of TPUF/ZnO.
The averages of pore radius and pore volume were found
34 A (3.4 nm) and 0.017 cm3/g for TPUF/ZnO (Fig. 3B).
The mesopores/micropores volumes ratio (1.7 x 1072 cm?/g:
1.5% 107 cm?/g) was 11:1.

FTIR spectroscopy was used for the characterization of
specific TPUF/ZnO functional groups (Fig. 4). A broad-
band appeared from 3421 to 3112 cm™ was assigned to
NH and OH groups (vnp opn)- Several sharp peaks were also
observed at 2910, 2867, 2857 cm™! (vy), 1668 cm™ ((v¢e),
1639 cm™ (vc_c), and 1525 em™ (vcc), Which characterize
the matrix of PUF. The new characteristic peaks for N=C=S,
N=C, and Zn-0, appeared at 2075, 1540, and 433 cm™!,
result from the coupling of TPUF matrix and ZnONP.

The optical bandgap of TPUF/ZnO was estimated accord-
ing to the following equation [ahv = B(hv - Eg)m] where
E, is the bandgap energy, a is the absorption coefficient, hv
is the incident photon energy, and B and m are constants.
A plot of (ahv)"/™ versus hv gives the value of the bandgap,
where m =2 for the indirect transition. The bandgap energy
of TPUF/ZnO was estimated as 2.5 eV.

Electrical conductivity (o) of TPUF/ZnO, PUF, and
ZnO was 7.1x107%, 1.6 x 107, and 6.1x 10”7 Q™' m™".
This increase in conductivity of TPUF/ZnO shows the rela-
tive improvement of the polarity of TPUF/ZnO due to the
increases in the number of charge carriers (Zn—0).

TGA curve of TPUF/ZnO shows a smooth stepwise
manner, containing five steps of thermal decomposition
(Fig. 5A). The first decomposition of TPUF/ZnO begins
at 229 °C accompanied with weight loss of 1.6, 31.1,
44.6, 11.1, and 13.2% at temperature ranges of 227-229,
230-312, 313-421, 421-824, and > 824 °C, respectively.
In the first steps, the weight loss of TPUF/ZnO comes

TPUF@ZnO
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Fig.4 Infrared spectra of TPUF@ZnO
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Fig.5 TGA, DSC, and DTA curves of TPUF@ZnO nanocomposite

from the evaporation of adsorbed water molecules. The
major weight losses (75.7%) occur at temperature ranged
between 230 and 421 °C, due to the decomposition of
TPUF matrix. The last decomposition occurs (11.1%) at
421-824 °C due to the crystallinity of ZnO. At T>421 °C,
the remaining weight loss of TPUF/ZnO (24.3 wt%) rep-
resents the percentage content of ZnONP in TPUF/ZnO.

DTA curve of TPUF/ZnO shows four endothermic
peaks at 305, 377, 805, and 880 °C and two exothermic
peaks at 62 and 943 °C (Fig. 5B). DTA curve of PUF
shows two endothermic peaks at 288.5 and 356.8 °C while
DTA curve for ZnO shows two exothermic peaks at 370
and 520 °C. Therefore, these results support the chemical
interaction between TPUF and ZnO.

The chemical stability of TPUF/ZnO nanocompos-
ite was tested in different buffer solutions (pH:1-14)
and different organic solvents (e.g., CH;0H, C,H;OH,
CH,COCH,, C4H¢, C¢HsCH;, DMF, and DMSO). 0.5 g
of the TPUF/ZnO was soaked in 25 mL of each buffer
solution and organic solvent for 24 h, then filtrated,
dried, and weighted. The weights of TPUF/ZnO were not
affected (Fig. S4), which confirms the good chemical sta-
bility of TPUF/ZnO in the presence of tested solutions
and solvents.

The stability of TPUF/ZnO was also studied by reusing it.
The sorption capacities of TPUF/ZnO for brilliant green and
toluidine blue dyes were 0.47 and 0.30 mmol/g (Table 1).
Regeneration of TPUF/ZnO nanocomposite was investigated
by stripping dye molecules from TPUF/ZnO nanocomposite

Table 1 Characteristics of isotherms curve for the sorption of dyes
onto TPUF@ZnO

Dye Least square equation R? LOD (0]
Slope Intercept ng/L mmol/g

Brilliant green 0.012 0.013 0.962 2.5 0.47

Toluidine blue ~ 0.018 0.019 0990 29 0.30

using ethanol. The capacity of TPUF/ZnO was not affected
after ten recycling of removals.

Application of TPUF/Zn0O
Antibacterial activity

The antibacterial activity of TPUF/ZnO was tested against
bacterial pathogen Escherichia coli (E. coli), Staph aureus
(S. aureus), and Salmonella typhimurium (S. Typhimurium).
A 0.05 g of TPUF/ZnO was added to a 5-mL tube of nutrient
broth containing an overnight suspension of each bacterial
culture. Measuring the optical density (OD) at 600 nm is
a simple and widely used method to monitor the growth
of microorganisms in liquid culture. The optical density
(ODggonm) Was measured at 600 nm every 1 h, and the
growth curve was performed. A decrease in bacterial growth
on bacterial cultures containing TPUF/ZnO was observed
while the bacterial growth of blank cultures (without TPUF/
Zn0) was increased with the same increase in time (Fig. 6).

Detection of cationic dyes in water

The detection of brilliant green (BG) and toluidine blue
(TBO) dyes in different samples of wastewater was exam-
ined under dark condition. The detection limits (LOD) and
limits of quantitation (LOQ) are established using the equa-
tion (LOD = 36 and LOQ = 100), where o is the standard
deviation for 5 replicating procedures. The values of LOD
were 2.5 and 2.9 pg/L (n=35, Table 1) which indicate sensi-
tive detection of dyes using TPUF/ZnO. Besides, the values
of LOQ were 8.3 and 11.3 pg/L. The relative standard devia-
tion values (RSD %) were 0.98 and 1.21 for 5 replicating
procedures. Lower values of RSD% indicate the accuracy
and precision of TPUF/ZnO for the detection of cationic
dyes as a trace concentration.

The plot of the amount of dye per unit mass of TPUF/ZnO
(capacity, Q) with concentrations of BG and TBO showed
linear curves with good correlation coefficient (R?) (0.962
and 0.990) and zero intercept (0.013 and 0.019) (Table 1).
Also, the estimated capacity (Q) of TPUF/ZnO for brilliant
green and toluidine blue was 0.47 and 0.30 mmol/g (227.0
and 91.7 mg/g). The result indicates that TPUF/ZnO has
better sorption capacity than other sorbents (Table 2).

]
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Fig.6 Plot of optical density (ODg,,) and the growth curve of E.
coli, S. aureus, and Salmonella onto TPUF/ZnO

Removal of cationic dyes from wastewater

Wastewater samples were collected from a well in Dami-
etta city. The water properties of wastewater are turbidity:
4.9, pH: 7.4, TDS: 280 mg/L, COD: 48 ppm, TOC: 6 ppm,
total alkalinity: 140 mg/L, total hardness: 179 mg/L, Ca:
100 mg/L, CI: 39 mg/L, SO,: 65 mg/L, Fe 0.5 mg/L, and
Mn 0.3 mg/L.

TPUF/ZnO was applied to remove brilliant green and
toluidine blue dyes from industrial wastewater samples.
The effects of pH (1-14), time (3—60 min.), and temperature
(25-85 °C) on the removal of BG and TBO from aqueous
solution were examined. The removal percentages of BG
and TBO dyes were 95-100% at pH ranges 4-12 and 3-12
(Fig. S5).

The removals of BG and TBO were slightly affected by
the pH changes (3—-13). The little removal percentages at
pH <1 are due to the repulsion between the cationic dyes
and TPUF/ZnO particles (after surface protonation). These
results show that it is unnecessary to adjust the pH of most
industrial wastewater before the removal of BG and TBO.

The effect of time for removing of BG and TBO using
TPUF/ZnO was investigated at different times. The time
for maximum removal percentages of BG and TBO from
wastewater was 3—5 min (Fig. S6). The removal percentages
of BG and TBO dyes were slightly affected by increasing
temperature. The negative values of AG° (—7.3 and —8.6 kJ/
mol) for removal of BG and TBO dyes indicate spontaneous
processes.

A 25 mL of industrial wastewater samples was spiked
with different amounts of BG and TBO dyes (100-1000 pg);
then, the solutions were shacked for 30 min with 0.1 g of
TPUF/ZnO. The removal percentages of BG and TBO dyes
from the industrial wastewater samples were found 96.8%
and 95.5%. The relative standard deviations (RSD%) for 5
replicating procedures were 0.94 and 1.79%.

TPUF/ZnO nanocomposite was applied for the removal
of BG and TBO dyes from different locations of water

Table 2 Comparison of

) . . Sorbents Dye Q (mg/g) References

maximum sorption capacities

of various sorbents for dye Amine modified tannin gel Brilliant green 20.4 Akter et al. (2016)

removal Turkish zeolite Toluidine blue 64.0 Alpat et al. (2008)
NaOH-modified Walnut Shell Brilliant green 123.2 Ashrafi et al. (2018)
MPGel Brilliant green 150.0 De Castro Silva et al. (2018)
Todopolyurethane powder Brilliant green 154.4 Moawed. El-Shahat, (2016)
PUF@IT@MNPs Brilliant green 224.8 Moawed et al. (2018)
Polyurethane @salvadora persica Brilliant green 202.7 Moawed et al. (2018)
LGB/St/Al,04 Brilliant green Moawed et al. (2018)
Gypsum  Gypqum Toluidine blue 28.0 Rauf et al. (2009)
TPUF@ZnO Brilliant green 227.0 This work

Toluidine blue 91.7

@ Springer
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samples. Over thirty of Nile water, laundry water, and indus-
trial wastewater samples from different places in industrial
Damietta city for the duration of 1 year were collected. The
average removal percentages of dyes from the Nile water,
laundry water, and industrial wastewater samples were 97.3,
79.8, and 95.2%. The values of RSD% were 4.2, 2.5, and
1.8%, which considered as a relevant value (less than 10%)
for water samples (Table 3).

Removal mechanism

The broadband of NH/OH in TPUF/ZnO was shifted to
3559-3170 and 3567-3139 cm™! in spectra of TPUF/
ZnO:BG and TPUF/ZnO:TBO (Fig. S7). Also, the band of
N=C=S was shifted to 2086 and 2078 cm™'; besides, the
Zn-0 band was shifted to 420 and 416 cm™!.

The plotting of Q versus 7> (Weber—Morris model) gives
a straight line that does not pass through the origin. The dif-
fusion rates for the removal of BG and TBO (k;) were 0.74
and 0.85 mg/g min®> (Fig. S8). The lower molecular weight
of TBO was the faster diffusion rate than BG, and k; was
dependent on the dye molecular weight.

The R? value for the removal of BG and TBO dyes proves
that the removal process is fitted by pseudo-second-order
model (0.9999 and 0.9993) rather than pseudo-first order
(0.369 and 0.434, Fig. S9). The calculated rate constants (k,)
were 0.28 and 0.16 g/mg min, while the initial rate constants
(h) were 2.99 and 2.09 min g/mg for the removal of BG and
TBO. The rate for removal of BG was faster than that of
TBO, and k, was independent on the dye molecular weight.

Conclusion

Our study was concerned with the preparation of TPUF/ZnO
as a new multifunctional nanocomposite. The capability of
TPUF/ZnO for the detection was 2.5 and 2.9 pg/LL BG and
TBO dyes in the wastewater with removal percentages of
92.4-98.2%. The antibacterial effect of TPUF/ZnO against
Escherichia coli (E. coli), Staph aureus (S. aureus), and Sal-
monella was also investigated and confirmed (a decrease in
bacterial growth on bacterial cultures). The time required

Table 3 Removal percentages and RSD% of BG and TBO dyes from
different location of wastewater samples using TPUF@ZnO nano-
composite

Location BG TBO Average% RSD%
Nile water 92.5 99.7 97.3 4.23
Laundry water 78.7 82.1 79.8 2.52
Industrial wastewater 96.8 95.5 95.2 1.79

for the complete removal of BG and TBO dyes from waste-
water was 5 min at pH 3-9 and 25 °C. The capacities of
TPUF/ZnO nanocomposite were 0.47 and 0.30 mmol/g for
BG and TBO dyes. Kinetics of BG and TBO dye removals
were described by pseudo-second-order model. The TPUF/
Zn0O nanocomposite was successfully applied for removing
BG and TBO dyes from 5 replicating wastewater samples,
with a relatively low standard deviation (0.98-1.21%) and
low detection limit (2.5 and 2.9 pg/L).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-022-04428-w.
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