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Abstract
The study was mainly intended to explore the feasibility of application of nanomaterials in greywater treatment, an area that 
has not been investigated till now. A newflanged sorbent by impregnating chitosan nanoparticles on polyurethane foam (PFC) 
was developed for phosphate and coliform removal from greywater. The nanoparticle formation was first established by the 
absorbance peak at 280 nm with the ultraviolet–visible spectrum and the field emission scanning electron microscopic images 
recognised the spherical nanoparticles with size 56–112 nm. The point of zero charge was found to be 7.4. The functional 
group beneficial for the uptake of phosphate and coliforms was unveiled by the Fourier transform infrared spectroscopic 
analysis. X-ray diffraction analysis of PFC revealed the stability of the sorbent by providing nearly the same pattern before 
and after treatment, and the presence of specific elements (C, O, P) in PFC was determined by energy-dispersive X-ray 
spectroscopy. The experimental studies showed that at optimised operating conditions, PFC removed 26.15% of phosphate 
(influent phosphate concentration of 155 mg/L) within 6 h and 99.91% of coliforms (influent coliform concentration of 
38 × 103 CFU/mL) within 1.5 h from the synthetic greywater. The phosphate sorption by PFC was described by monolayer 
adsorption and pseudo-second-order kinetics. The multiple regression analysis of sorption data with IBM SPSS statistics 
26.0 showed an R2 value of 0.959. The bacterial growth inhibition efficiency obtained for PFC was 77.53% in an inoculated 
broth solution with a coliform count of 5 × 106 CFU/mL. PFC can therefore be considered a potent sorbent for coliforms 
with high antibacterial activity. Since the phosphate removal was not high, further modification of PFC by metal/metal oxide 
nanoparticles which possess high phosphate adsorption capacity may enhance the efficacy.
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Introduction

Water quality has been adversely affected by the increasing 
population density and land-use changes. Among the major 
water pollution problems, eutrophication and bacterial con-
tamination have gained great interest globally [1]. The high 
amount of phosphate release from the wastewater of urban 
areas, industrial activities, or agricultural activities causes 
eutrophication and depletes the dissolved oxygen levels. The 
excessive phosphate levels in water make it unsuitable for 
human consumption and recreation. The phosphate concen-
tration above 1 mg P/L results in osteoporosis and kidney 
damage [2, 3]. The existing treatment systems in remov-
ing phosphate like membrane filtration, reverse osmosis, 
electrodialysis, coagulation, etc. have various shortcomings 
like increased cost, dependability, and sludge handling. The 
biological treatment systems become effective only at phos-
phate levels that maintain the proper metabolism of micro-
organisms [4, 5]. A simple, quick, adaptable, and effective 
phosphate removal method even at low phosphate concentra-
tion is therefore necessary.

The microbial quality of the surface water gets threatened 
by the discharge of domestic and industrial wastewater. The 
microbiological risks depend on the amount of pathogenic 
concentration and the usage of water [6]. The presence of 
bacteria, viruses, and protozoa in water results in various 

water-borne diseases like cholera, dysentery, typhoid, etc. 
Total coliforms are one of the most commonly used micro-
bial indicators of pathogenic pollution. Conventional dis-
infection methods include chlorination, ozonation, and 
ultraviolet (UV) radiation. Although these methods can 
beneficially control pathogenic organisms, the production of 
dangerous disinfection by-products (DBPs) by chlorination, 
and the difficulty and cost of operating ultraviolet radiation 
and ozonation, leads to an urgent need for the development 
of new promising materials [7].

The reuse of wastewater helps to lower the freshwater 
extraction from rivers and aquifers. A large quantity of grey-
water is produced from domestic activities such as laundry, 
dishwashing, and bathing. The quantity and characteristics 
of this waste vary depending on the socio-economic status, 
cooking habits, cultural practices, cleaning agents used, and 
demography. The treated greywater can be a reliable source 
of water and can be reused in irrigation, toilet flushing, 
etc. Greywater treatment for reuse has gained momentum 
in India and is used widely in multi-storied buildings like 
hospitals, apartments, etc. But the existing treatment meth-
ods often fail to remove phosphate and coliforms effectively 
from greywater [8].

Adsorption is one of the most promising technologies 
that may provide a solution to challenging water/wastewa-
ter problems and is greatly affected by temperature [9]. But 
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the adsorption processes by conventional means needs to be 
improved due to their high capital cost, ineffectiveness, and 
reduced selectivity [10]. The increased effectiveness of nano-
sorbents has opened the way towards the advanced water/
wastewater treatment system. The high reactivity and degree 
of functionality, size-dependent properties, and large specific 
surface area of nanosorbents make them preferable to conven-
tional sorbents [11–13]. Chitosan nanoparticles outperform 
various other nanomaterials in terms of stability, sorption 
capacity, and antibacterial activity [14]. Nanochitosan can 
be easily prepared by the ionic gelation method with sodium 
tripolyphosphate as a cross-linker. The cross-linking helps to 
maintain stability at different pH conditions. The excellence 
of nanochitosan in water/wastewater treatment is mainly due 
to the presence of reactive amino and hydroxyl groups. Also, 
the amorphous nature of nanochitosan enhances the sorption 
capacity [15, 16]. Even though the nanoparticles are efficient 
in removing various pollutants from water, their aggregation 
will result in reduced efficacy. Immobilisation of nanoparticles 
on a suitable support such as sand, polyurethane foam, zeolite, 
and fibreglass improves the stability and increases their prac-
tical application [17]. The biocompatibility and mechanical 
properties of polyurethane foam make it a different polymer 
from others and is commonly used for various applications 
[18]. The polyurethane foam exhibits high porosity with large 
specific surface area. Also, the carbamate group of polyure-
thane foam binds the surface of nanoparticles [19].

This study dealt with the investigations on the potency of 
nanochitosan impregnated polyurethane foam (PFC) in elimi-
nating phosphate and coliforms from synthetic greywater. 
The sorbent characterisation was done using the field emis-
sion scanning electron microscopy (FESEM), point of zero 
charge, Fourier transform infrared (FTIR) spectroscopy, X-ray 
diffraction (XRD) studies, and energy-dispersive X-ray (EDX) 
spectroscopy. The impact of various parameters (contact time, 
adsorbent dosage, pH,) affecting the phosphate sorption and 
reusing capability of the sorbent were studied. In addition, the 
isothermal and thermodynamic behaviour of the phosphate 
sorption process and kinetics was verified. The experimental 
data were analysed and modelled using IBM SPSS statistics 
26.0. Coliform removal efficacy was evaluated at different con-
tact time and pH with optimised sorbent dosage for phosphate 
removal. The antibacterial activity of PFC was also assessed. 
The application of nanoparticles in the field of greywater treat-
ment and the use of nanochitosan for phosphate removal have 
not been yet explored.

Materials and methods

Materials

The entire study was conducted using analytical-grade 
chemicals. The reagents sulphuric acid (H2SO4), ascorbic 
acid, sodium acetate trihydrate (CH3COONa.3H2O), glu-
cose, potassium dihydrogen phosphate (KH2PO4), diso-
dium hydrogen phosphate (Na2HPO4), sodium hydroxide 
(NaOH), hydrochloric acid (HCl), ammonium molybdate 
((NH4)6Mo7O24.4H2O), magnesium sulphate (MgSO4), 
antimony potassium tartrate (KSbOC4H4O6.1/2H2O), 
ammonium chloride (NH4Cl), nutrient broth, plate count 
agar, and M-Endo medium were supplied by Merck Mil-
lipore. Coliform bacterial culture was obtained from the 
College of Veterinary and Animal Sciences, Mannuthy, 
Kerala, India.

Sorbent preparation and instrumental analysis

The method adopted in the synthesis of chitosan nanopar-
ticles (CSNPs), formation of the sorbent by impregnating 
nanochitosan on polyurethane foam (PFC), and the char-
acterisation techniques (UV–Vis spectroscopy, FESEM, 
EDX, FTIR, XRD, and point of zero charge) have been 
reported in the previous study [20]. Briefly, chitosan nano-
particles (CSNPs) were prepared by dissolving chitosan 
(CS) in acetic acid which was then allowed to undergo 
ionic gelation with sodium tripolyphosphate (TPP) under 
magnetic stirring. The nanoparticle formation was realised 
by the appearance of solution in opalescent nature [21, 
22]. The synthesised CSNPs were soaked in the polyu-
rethane form (PUF) for 24 h and dried after draining out 
excess solution [23, 24]. The PFC was thoroughly washed 
and stored for future use.

Studies on phosphate sorption under batch mode

The feasibility of PFC in sorbing phosphate from syn-
thetic greywater was studied under batch equilibrium con-
ditions. The influence of contact time, pH, and sorbent 
dosage on removing phosphate from synthetic greywater 
was studied. The greywater was prepared artificially with 
sodium acetate trihydrate (400 mg/L), glucose (300 mg/L), 
ammonium chloride (225 mg/L), potassium dihydrogen 
phosphate (75  mg/L), disodium hydrogen phosphate 
(150 mg/L), and magnesium sulphate (50 mg/L) [25].

The investigations were done by varying contact time 
from 1 to 7 h (1 h interval) and 24 h at pH 6 and sorbent 
dosage 3 g/L; pH from 4 to 11 using 1 N HCl / 1 N NaOH 
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at different contact time (1–6 h) and sorbent dosage 3 g/L; 
the dosage of sorbent was varied from 0.5 to 4 g/L at opti-
mised pH and contact time. The reuse capacity of the sorb-
ent by eluting phosphate with NaOH was examined. The 
adsorption kinetics and isotherm were established.

where C0 (mg/L) and Ct (mg/L) are the influent and efflu-
ent concentration of phosphate at any time t, respectively, 
V represents the sample volume in L, and m (g) is the mass 
of sorbent.

The pseudo-first-order and pseudo-second-order kinetic 
models were used for studying the kinetics of phosphate sorp-
tion. The experimental data of phosphate sorption with vari-
ous sorbent dosages were used for isothermal modelling with 
Langmuir, Freundlich, and D–R isotherms. The assessment of 
the best fit kinetics and isotherm model was done by using the 
higher value of correlation coefficient (R2) and lower value of 
Chi-square (χ2).

Statistical interpretation of phosphate sorption 
data

The statistical analysis of experimental data of phosphate 
removal efficacy was done with IBM SPSS statistics 26.0 
(95% confidence interval). The relation between independent 
variables (contact time, pH, and adsorbent dosage) and the 
dependent variable (phosphate removal efficiency) was formed 
using regression analysis. The model verification was done by 
the value of R2 (coefficient of determination), ANOVA results 
and normalised root mean square error (NRMSE) value.

where the phosphate removal efficiency predicted by the 
model is represented by Em and the phosphate removal effi-
ciency got from the experiment is denoted by Ee. The aver-
age of Ee is represented by E. NRMSE will be less than 10% 
for an excellent model, 10–20% for a good model, 20–30% 
for a fair model, and greater than 30% for a poor model [26].

(1)

Phosphate sorption eff iciency by PFC(%)is given by,

E =

(

C0 − Ct

)

C0

× 100

(2)
Sorption capacity(mg∕g)is calculated by, qt =

(

C0 − Ct

)

×
V

m

(3)NRMSE =

�

∑n

i=1
(Em − Ee)

2

nE2

�0.5

Assessment of antibacterial activity and coliform 
removal efficacy of PFC

The bactericidal property was evaluated by measuring the 
optical density of the inoculated broth solutions containing 
coliforms and sorbents (PFC and PUF) using UV–Vis spec-
trophotometer at 600 nm [27]. The analysis was done with a 
coliform bacterial suspension containing 5 × 106 CFU/mL. 
40 mL of the nutrient broth (prepared by suspending 13 g 
of nutrient broth in 1000 mL of distilled water) was added 
to a conical flask of 250 mL capacity which was inoculated 
with 1 mL of the coliform bacterial suspension. The sorbents 
PUF and PFC (0.6 g) were added to another flask containing 
nutrient broth and bacterial feed. After incubation at 35 °C 
for 18 h, optical densities (OD) of suspensions were taken 
using the spectrophotometer at 600 nm. The incubated nutri-
ent broth (without adsorbents) was taken as the reference.

The effectiveness of PFC in removing coliforms at 
varying pH from 5 to 9 and contact time 0.5–3 h was also 
assessed. The coliform bacterial suspension was inoculated 
to synthetic greywater composition to get an influent concen-
tration of 38 × 103 CFU/mL. The coliform count was meas-
ured using the membrane filter technique [28].

Results and discussion

Sorbent characterisation

The UV–Vis spectrum of CSNPs showed the highest absorp-
tion peak at 280 nm. The size of nanoparticles obtained from 
FESEM images was in the range of 56–112 nm and showed 
agglomeration. The FESEM images of CSNPs (Figure S1A), 
PUF (Figure S1B), and PFC (Figure S1C) are included in 
the supplementary material section. The impregnation of 
nanochitosan on PUF resulted in non-agglomeration (Fig-
ure S1C). The cross-linking of ammonium group of CS and 
TPP for the formation of CSNPs along with the characteris-
tic functional groups of CS, CSNPs, and PUF was exposed 
by the FTIR spectrum of CS (Figure S2A), CSNPs (Figure 
S2B), and PUF (Figure S2C). The FTIR spectroscopic stud-
ies of PFC (Fig. 6) revealed the role of NH group of PUF 
during the impregnation of CSNPs, and the existence of free 
amino group (NH stretching vibration at 3284.68 cm−1 and 
NH bending vibration at 1628.47 cm−1) favourable for the 
sorption of phosphate and antibacterial activity. The non-
crystalline nature of CSNPs and PUF was verified by their 
XRD pattern in Figure S3A and B, respectively. The CSNPs 
and PUF retained their non-crystalline nature after impreg-
nation as shown in the XRD pattern of PFC (Fig. 7). The 
presence of CSNPs on the surface of PFC was confirmed 
by the EDX pattern (Fig. 8). The surface charge of PFC 
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obtained from the point of zero charge study showed that 
the favourable pH for anionic sorption was below 7.4. The 
plot of point of zero charge (Figure S4) is given in the sup-
plementary material section.

Characteristics of synthetic greywater

The characteristics of synthetic greywater used in the study 
are shown in Table 1.

Batch studies on the removal of phosphate 
from synthetic greywater

Influence of contact time

The experiments were carried out in synthetic greywater at 
pH 6 and adsorbent dose 3 g/L. For an increase in contact 
time from 1 to 6 h, the phosphate removal efficacy increased 
from 10.02 to 25.65% (Fig. 1A). The phosphate removal effi-
cacy increased rapidly at the initial phase (1–3 h), after which 
showed a slow uptake till reaching the equilibrium at 6 h. This 
trend can be described by the abundant unoccupied adsorp-
tion sites at the beginning of the sorption process. Thereafter, 
the adsorbed ions cause electrostatic repulsion, resulting in 
reduced accessibility of the remaining sites [12, 16, 29–31].

Influence of pH

The pH of synthetic greywater was varied from 4 to 11, for 
different contact time (1–6 h) with sorbent dosage of 3 g/L. 
The removal of phosphate by PFC increased with pH from 
4 to 6.5 and decreased with further increase in pH. This was 
mainly related to the positive surface charge of sorbent at 
acidic pH, resulting in more phosphate sorption. The repul-
sive action between phosphate and hydroxyl ions resulted 
in reduced efficacy at higher pH [30, 32]. The maximum 
phosphate removal efficiency of 26.15% was obtained at 
pH 6.5 (Fig. 1B). The point of zero charge highlighted the 
positive surface charge possessed by the sorbent at pH 6.5 
which favours the sorption of anions. Moreover, at pH 6.5, 
the phosphate ions exist in the form is H2PO4

−, most favour-
able for getting sorbed [33]

Influence of adsorbent dosage

The impact of adsorbent dosage on phosphate sorption was 
evaluated by varying dosage from 0.5 to 4 g/L at pH 6.5 and 
contact time 6 h. With increasing sorbent dosage, the percent-
age of phosphate sorption also increased. This is ascribed to 
the accessibility of more sorption sites. However, the increase 
in the amount of sorbent above the optimal did not make any 
significant increase in phosphate sorption. This might be due 
to the exposure of all active sorption sites at lower doses, 
while higher doses resulted in sorbent aggregation, and thus, 
only a fraction of active sites get exposed [9, 15, 16, 29]. At 
the optimum dosage of 3 g/L, the phosphate removal efficacy 
was found to be 26.15%, whereas the efficiency was 3.53% 
for PUF. The results are depicted in Fig. 2.

The percentage removal of phosphate from synthetic grey-
water by PFC was not high, which may be due to the exist-
ence of coexisting anions and organic matter. The presence of 
coexisting ions like chloride (150 mg/L), sulphate (40 mg/L), 

Table 1   Characteristics of the synthetic greywater used in the study

Parameters Concentration

COD 254.00 mg/L
BOD 168.00 mg/L
pH 6.16
Phosphates 155.00 mg/L
TDS 0.71 ppt
Total coliforms 38 × 103 CFU/mL
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Fig. 1   Influence of A contact time and B pH on the removal of phosphate by PFC
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bicarbonates (100 mg/L) in the synthetic greywater compete 
with phosphate ions for adsorption [32]. The organic matter 
like glucose will increase the negative charge on the sorb-
ent surface and restrict the sorption of phosphate [34]. The 
high phosphate concentration in the synthetic greywater also 
resulted in reduced efficacy.

The efficacy of PFC in removing phosphate can be 
enhanced by the incorporation of metal nanoparticles (silver, 
zinc, copper, titanium). The amino group of nanochitosan can 
form stable complexes with metal/metal oxide nanoparticles 
which are favourable for anionic sorption [35].

Reusing capacity of PFC

The sorbent capacity for reusing was assessed at pH 6.5 and 
contact time 6 h. The sorbents were regenerated by treating with 
0.01 M, 0.1 M, and 0.5 M NaOH solution for 24 h. The phos-
phate desorption percentages were 34.9%, 65.5%, and 67.1% 
for 0.01 M, 0.1 M, and 0.5 M NaOH solutions, respectively.

The best eluent of phosphate (0.5 M NaOH) was used in 
all the desorption cycles. Before reuse, the regenerated sorb-
ent was rinsed and dried. The reuse capability of regenerated 
PFC is shown in Fig. 3. In the fourth adsorption/desorption 
cycle, the PFC was able to remove 20.39% of phosphate. After 
regeneration, the effectiveness of PFC in removing phosphate 
is reduced due to the reduction of active sites of sorption [36].

Sorption kinetics, isotherm modelling, 
and thermodynamic studies

Sorption kinetics

The kinetics of PFC in sorbing phosphate from syn-
thetic greywater was probed with pseudo-first-order and 

pseudo-second-order kinetic models. The best model was 
identified by the values of linear coefficient of determina-
tion (R2) and Chi-square (χ2). The study was conducted at 
pH 6.5 and sorbent dosage 3 g/L for an influent phosphate 
concentration of 155 mg/L.

The kinetic model parameters such as the capacity of the 
sorbent at equilibrium (qe), rate constant (k1 and k2), and R2 
are summarised in Table 2. The maximum sorption capac-
ity provided by the pseudo-second-order kinetic model was 
fairly close to the experimental value. Therefore, the phos-
phate sorption data of PFC were well fitted to the pseudo-
second-order kinetics model. Thus, the phosphate sorption 
rate of PFC is dependent on adsorption capacity and not on 
the concentration of phosphate [31, 37]. The pseudo-second-
order kinetics model of the sorbent is shown in Fig. 4A.

Adsorption isotherms

The isotherm modelling was done by fitting the phos-
phate sorption values with various adsorbent dosages (pH 
6.5 and contact time 6 h) into Langmuir, Freundlich, and 
Dubinin–Radushkevich (D–R). The adsorption isotherm 
parameters are shown in Table 3. The Langmuir isotherm 
provided the value of equilibrium parameter (RL), between 
0 and 1, indicating the favourable phosphate sorption by 
PFC under the given conditions. The value of Freundlich 
adsorption coefficient (n) between 1 and 10, from the Freun-
dlich isotherm analysis, also showed favourable phosphate 
sorption.

Based on the value of χ2 and R2, the phosphate adsorption 
characteristics of PFC was delineated by Langmuir isotherm 
(Fig. 4B). The D–R isotherm obtained a poor regression 
coefficient (R2 < 0.90) with a higher Chi-square value. Thus, 
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the D–R isotherm model was found unfit to describe the 
phosphate sorption on PFC.

Thermodynamics of phosphate adsorption by PFC

The study was conducted at three different temperatures 
(300 K, 310 K, and 320 K). The thermodynamic parameters 
like Gibbs free energy (∆Go), enthalpy (∆Ho), and entropy 
(∆So) for the adsorption of phosphate on PFC were obtained 

by using the Eqs. 4–7 [36]. The thermodynamic parameters 
are listed in Table 4.

(4)ΔG◦ = −RT lnKc

(5)ΔG◦ = ΔH◦ − TΔS◦

(6)ln Kc =
ΔS◦

R
−

ΔH◦

RT

Table 2   Kinetic model 
parameters for phosphate 
adsorption on PFC

(qe) (mg/g) 
(experimental)

Pseudo-first-order model Pseudo-second-order model

k1 (1/h) qe (mg/g) R2 χ2 k2 (g/(mg∙h)) qe (mg/g) R2 χ2

13.822 0.725 25.445 0.953 0.130 0.021 15.898 0.998 0.012
Equation log

(

qe- qt
)

=log
(

qe
)

-
k1t

2.303

[31, 38]

t

qt
=

1

k2 q
2
e

+
1

qe
t

[31, 38]
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Fig. 4   A Pseudo-second-order kinetic model and B Langmuir adsorption isotherm of PFC for phosphate adsorption from synthetic greywater

Table 3   Isotherm parameters Isotherm model Parameters Value Equation

Langmuir Qo (mg/g) 16.9779 1

qe
=

1

Qo b
⋅

1

Ce

+
1

Qo[15]b (L/mg) 0.0116
RL 0.6062
R2 0.9714
χ2 0.0692

Freundlich N 1.2634 log qe=logKf+
1

n
logCe

[15]Kf (mg/g)(L/mg)1/n 0.4721
R2 0.9632
χ2 0.0927

D–R β (mol2/J2) 0.0015 lnqe = lnqm − βϵ2

[39]qm (mg/g) 25.9630
E (kJ/mol) 0.0183
R2 0.8753
χ2 0.2934
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where Kc is the equilibrium constant of adsorption at tem-
perature T (K), Ce is the phosphate concentration in the efflu-
ent at equilibrium (mg/L), CAe is the amount of adsorbed 
phosphate per litre of solution at equilibrium (mg/L), and R 
is the ideal gas constant (8.314 Jmol−1 K−1). ∆Ho and ∆So 
were determined from the grade and intercept of the linear 
plot of lnK

c
 versus 1/T (Fig. 5).

The negative value of ∆Go indicates the practicality 
and instinctive character of the adsorption process. The 
negative value for enthalpy change (∆Ho) showed the 
exothermal behaviour of PFC on phosphate sorption [32]. 
This also indicated a reduction in phosphate adsorption 
capacity of PFC with increasing temperature. The nega-
tive entropy change (∆So) explicated that the adsorp-
tion of phosphate on the surface of the sorbents led to 
an ordered phase through the formation of an activated 
complex between adsorbate and adsorbent [40]. The small 
∆So value in the system under investigation revealed that 
no significant structural change occurred in the adsorbent 
material [41].

The increase in the negative value of ∆Go with tem-
perature showed that the adsorption process was more 

(7)Kc=
CAe

Ce

favourable at lower temperatures. In addition, the lower 
∆Go value (< − 20 kJ/mol) confirmed the adsorption of 
phosphate by PFC was favoured by physical forces [42, 
43].

Mechanism of phosphate adsorption

The pathway towards phosphate sorption from synthetic 
greywater by PFC was determined using FTIR spectros-
copy, XRD studies, and EDX analysis. The electrostatic 
interaction between the phosphate ions and ammonium 
ions resulted in the sorption of phosphate by PFC, which 
was established by the development of a new band at 
2940.02 cm−1 in the FTIR spectrum of PFC after sorb-
ing phosphate from synthetic greywater (Fig. 6). The new 
peak at 1371.21 cm−1 in the FTIR spectrum of PFC after 
treatment is attributed to the sorption of SO4

2− ions by 
PFC [44].

Similar XRD patterns were exhibited by the PFC before 
and after phosphate adsorption (Fig. 7). This indicates its 
stability [45]. The escalated weight percentage of phos-
phorus from 0.67% (prior to the treatment) to 0.79% (post-
treatment) in the EDX pattern of PFC (Fig. 8) proved the 
phosphate uptake. The presence of chlorine in the EDX 
pattern of PFC after treatment confirmed the uptake of 
chloride from synthetic greywater.

Regression analysis using SPSS

The relationship between independent variables (contact 
time (A), pH (B), and adsorbent dosage (C)) and depend-
ent variable (phosphate sorption efficiency) was determined 
by regression analysis using IBM SPSS statistics 26.0 with 
95% confidence interval (number of data points, 51). The 

Table 4   Thermodynamic parameters of PFC for phosphate adsorp-
tion from greywater

Tempera-
ture (K)

∆Go (kJ/mol) ∆Ho (kJ/mol) ∆So (kJmol−1 K−1)

300 − 1.983 − 29.734 − 0.093
310 − 1.058
320 − 0.133

0.00310 0.00315 0.00320 0.00325 0.00330 0.00335
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Fig. 5   Plot of lnKc versus 1/T for phosphate sorption from greywater 
by PFC
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model accuracy was determined by the linear coefficient of 
determination (R2) and NRMSE.

The obtained MLR model by running regression analysis 
(Eq. 8) expressed the high correlation between observed and 
predicted values with R2 value of 0.959. The obtained equa-
tion for phosphate sorption efficiency (Em) is

The p-value (significant level) obtained from ANOVA 
(F-test) was < 0.05 (Table 5), which verified the good adher-
ence of values given by the MLR model with experimen-
tal results. The values of coefficients and their significance 
(p-value) obtained from MLR modelling (Table S1 of sup-
plementary material section) showed a lower p-value con-
firming the statistical significance of all parameters under 
consideration.

The NRMSE value of 0.0746 (7.46% < 10%) obtained 
from the regression analysis, also revealed that the predicted 
values by the model were in agreement with the experimen-
tal values.

Antibacterial activity of PFC

The bactericidal property of PFC and PUF was evaluated 
in coliform bacterial suspension (5 × 106 CFU/mL). After 
24 h of incubation at 35 ± 0.5 °C, the bacterial suspension 
with PUF was more turbid than that with PFC. The turbid-
ity can be related to the number of coliforms [46], and the 
results can be quantified by the optical density (OD) values. 
The absorbance of light will be more in the samples having 
higher bacterial concentrations [27]. The values of OD at 

(8)Em= 24.330 logA +93.138 logB+19.029 C - 0.102 (AB)-1.899 (BC) - 86.346
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Fig. 7   XRD pattern of PFC before and after treatment

Fig. 8   EDX pattern of PFC A before treatment B after treatment

Table 5   Analysis of variance 
(ANOVA) for phosphate 
removal efficiency

Model Sum of squares Degree of free-
dom (df)

Mean square F Significance

Regression 2004.642 5 400.928 211.770 0.000
Residual 85.195 45 1.893
Total 2089.838 50
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600 nm were 1.455 for the inoculated bacterial suspension, 
1.390 for the inoculated bacterial suspension with PUF, and 
0.327 for the inoculated bacterial suspension with PFC. This 
indicated that the PFC showed an inhibition efficiency of 
77.53%, whereas PUF exhibited only 2.41%. The enhanced 
antibacterial activity of PFC can be attributed to the pres-
ence of CSNPs. The inhibition of bacterial growth by the 
chitosan nanoparticles is due to the binding of cationic 
amino groups of chitosan nanoparticles to anionic groups 
of microorganisms. This binding will disrupt the cell mem-
brane and increase the cell membrane permeability leading 
to the death of coliform bacteria [47].

Coliform removal efficiency by PFC

The contact time and pH are considered to be the most 
important parameters affecting the coliform removal [48]. 
The evaluation of coliform removal efficacy of PFC from 
synthetic greywater was done by varying the pH from 5 to 
9 at different contact time (0.5–3 h) with PFC dosage 3 g/L 
and influent coliform concentration of 38 × 103 CFU/mL at 
room temperature (27 °C). The coliform removal efficiency 
was found to increase with time for all pH until the equilib-
rium conditions were met (Fig. 9). The effective time needed 
for the CSNPs on the sorbent surface to interact with the 
bacterial membrane cell was found to be 1.5 h. No notable 
changes were observed in the removal of coliforms after 
1.5 h. The results also showed that there was no significant 
effect of pH on the removal of coliforms by PFC. This is due 
to the fact that the variation of pH has no effect on intes-
tinal bacteria like coliforms [49]. The maximum coliform 
removal efficiency by PFC was found to be 99.91%.

The sorbent showed better performance over downflow 
hanging sponge (DHS) biotower which removed 16% of 
phosphate (influent concentration, 12.3 mg/L) and 99.99% 
of coliforms (influent concentration 9.4 × 106 MPN/100 mL) 
[50], upflow anaerobic sludge blanket (UASB) reactor which 
removed 24% of phosphate (phosphate concentration, 
30.36 mg/L) [51], and electrocoagulation with aluminium 
electrodes that removed 13.6% of phosphate (influent con-
centration, 2.2 mg/L) [52].

Conclusions

The study addressed the application of nanomaterials in 
the treatment of greywater for the first time. The phosphate 
sorption ability, coliform removal efficiency, and antibacte-
rial activity of the new sorbent developed by impregnat-
ing CSNPs on polyurethane foam (PFC) were evaluated. 
The existence of nanoparticles on PFC was verified by the 
FESEM images. The EDX pattern validated the composi-
tion of nanoparticles. The FTIR analysis revealed that the 
phosphate sorption mechanism by PFC was due to the elec-
trostatic interaction between the amino group and phosphate 
ions. The XRD analysis explained the amorphous nature of 
CSNPs and PUF along with the stability of PFC. The phos-
phate sorption was not high and the effluent failed to meet 
the discharge limit of 15 mg/L (5 mg P/L) as per the E(P) 
rules, 1986. The existence of coexisting anions and organic 
matter (Cl−, SO4

2−, HCO3
− and glucose) in the synthetic 

greywater and the high influent phosphate concentration 
led to the reduced phosphate sorption efficacy of PFC. The 
EDX studies and FTIR analysis after treatment unmasked 
the affinity of PFC towards chloride and sulphate ions. The 
kinetic study of phosphate sorption from synthetic greywa-
ter was well described by the pseudo-second-order model 
and the most fitted isotherm model was Langmuir show-
ing monolayer adsorption of phosphate. The lower value of 
Gibbs free energy (< − 20 kJ/mol) confirmed the binding of 
phosphate on PFC by physical forces. The multiple linear 
regression model with an R2 value of 0.959 was developed 
for predicting the phosphate removal efficiency by PFC.

The studies on the antibacterial activity of PFC proved 
its ability in inhibiting the growth of coliforms. PFC can 
effectively remove coliform bacteria from synthetic greywa-
ter without significant changes in efficiency at varying pH 
from 5 to 9. Thus, no pH adjustment is required, a unique 
advantage for its application as disinfectant in greywater/
wastewater treatment.

The performance of PFC in removing phosphate and 
coliforms from greywater outpaced the biological treatment 
systems like UASB and DHS biotower. The potential of 
PFC as a phosphate sorbent and as a bactericidal agent can 
be enhanced by the addition of metal nanoparticles (silver, 
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copper, zinc, etc.) which are found to have good antibacte-
rial activity and attraction towards phosphate ions. Also, the 
pre-treatment of wastewater to remove competing ions like 
chlorides, sulphates, etc. before the sorption of phosphate by 
PFC can improve the phosphate removal efficacy.
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