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A B S T R A C T

Nano-scale plastic debris (NPDs) are emerging as potential contaminants as they can be easily ingested by
aquatic organisms and carry many pollutants in the environment. This study is aimed to remove NPDs from
aqueous environment for the first time by using eco-friendly adsorption techniques. Initially, the interaction
between NPDs and synthesized Zn-Al layered double hydroxide (LDH) was confirmed by pH titration of Zn-Al
LDH against NPDs at varying mass ratio (50:1 to 50:7) and FTIR analysis for both before and after 2 h of contact
time. Fast removal was observed in deionized water and synthetic freshwater with maximum sorption capacity
(Qmax) of 164.49mg/g,162.62mg/g, respectively, according to Sips isotherm. Whereas, removal was least in
synthetic hard water having a Qmax value of 53mg/g. For 2mM concentration of SO4

2− and PO4
3-, the ad-

sorption capacity significantly decreased to 2%. The removal efficiency was found 100 % at pH 4, while at pH 9,
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it reached 37 % due to increased competitive binding and destabilization of LDH under alkaline conditions. The
process of sorption was spontaneous in different types of water studied. The study reveals that Zn-Al LDH can be
used as potential adsorbent for the removal of NPDs from freshwater systems.

1. Introduction

Pollution caused by the exponential use of plastic items in our daily
life is contributing to the accumulation of wreckage in aquatic eco-
systems and a matter of serious concern all across the world (Tallec
et al., 2019; Nguyen et al., 2019; Lehner et al., 2019; Besseling et al.,
2014). An enormous amount of plastic debris released from the
household, industrial, and agricultural wastes are the primary source of
plastic pollution (Alimi et al., 2018). Once they reach the environment,
its physical and chemical weathering leads to the generation of the
microscale (< 5mm) and nanoscale plastic debris (NPDs) (< 1 μm) in
the environment (Koelmans et al., 2015). Direct release of microplastics
and NPDs in the environment from personal care, cosmetics, and
thermal cutting of polystyrene also has been reported (Hernandez et al.,
2017; Zhang et al., 2012). Wastewater treatment plants (WWTPs) are
considered as the main source for the release of micron-sized plastic
particles in the freshwater system. For example, Mason et al. reported a
discharge of ∼50,000 up to nearly 15 million micron-sized plastic
particles from the wastewater treatment plant (Mason et al., 2016).

Once these microplastic and NPDs enter the aquatic environment,
their interaction differs with aquatic organisms and other components
of the environment as compared to their pristine form. This difference
can be attributed due to the change in their chemical structure and
physical properties (Yu et al., 2019a). The cleavage of the bonds present
on the surface of polymers makes them more vulnerable to degradation
(Lehner et al., 2019). Weathered forms of microplastic, as well as NPDs,
were found to have toxic effects on aquatic organisms. However, NPDs
are of particular concern because of their smaller size and high surface
area to volume ratio. Due to their small size, they can easily penetrate
the biological barriers as compared to their microplastic counterparts
(Lehner et al., 2019; Booth et al., 2016; Bhattacharya et al., 2010;
Rothen-Rutishauser et al., 2007; Gopinath et al., 2019). Further, it has
been widely reported that the availability and toxicity of NPDs to
aquatic organisms depend on their stability in the environment. Various
stability and aggregation studies of NPDs under varying environmental
conditions had been found that ionic strength, dissolved organic matter,
and suspended solids play an important role in controlling their fate in

the aquatic environment (Singh et al., 2019; Yu et al., 2019b; Liu et al.,
2019). Due to increased bioavailability, these particles subsequently get
transferred from one trophic level to others via the food chain
(Cedervall et al., 2012; Mattsson et al., 2015; Chae et al., 2018). Recent
studies documented the uptake, accumulation, and toxicity of poly-
styrene NPDs in mussels, zooplankton, algae, and daphnia (Wegner
et al., 2012; Pitt et al., 2018; Nolte et al., 2017; Nasser and Lynch,
2016). However, an increased generation of NPDs may have a possible
detrimental effect on human health being at the top of the food chain
(Revel et al., 2018).

The toxicity induced by individual NPDs in aquatic organisms could
be marginal and may not have any chronic effects. Nevertheless, the
synergistic toxic effects of other contaminants in the presence of NPDs
are well studied (Lee et al., 2019; Ma et al., 2016). Several studies have
shown that the hydrophobic surface of NPDs has a high tendency to
adsorb persistent organic pollutants (POPs) like polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) and
thereby increasing its toxicity towards various organisms (Zhang et al.,
2018; Jeong et al., 2018). It has been found that they are also involved
in the association and transport of heavy metals in the environment
(Alimi et al., 2018; Yu et al., 2019a; Darbha et al., 2012).

Different techniques such as membrane bioreactor, coagulation, and
ultrafiltration were used at WWTPs for the removal of microplastics
(Talvitie et al., 2017; Lares et al., 2018; Arossa et al., 2019; Ma et al.,
2019; Long et al., 2019). However, the removal efficiency is still poor.
Moreover, the mentioned techniques are expensive and have limitations
in the removal of nano-sized particles. Therefore, this underlines an
urgent need to find a possible solution for the removal of NPDs from the
aqueous environment.

Limited work on the removal of microplastics and no reported stu-
dies on the removal of NPDs from aqueous solutions allowed us to form
the major applied scientific objective. The focus of the current work is
to explore the adsorption as an eco-friendly and cost-effective technique
for the removal of NPDs from aqueous systems. Based on the pre-
liminary experiments on the interaction between layered double hy-
droxides (LDH) and NPDs, batch sorption studies were carried out.
LDH, which is also called anionic clay, has been used with or without

Fig. 1. Schematic of Zn-Al LDH synthesis by co-precipitation method.
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modification for the removal of heavy metals and organic contaminants
such as Cr, Cu, dyes, pesticides, etc. (Lazaridis et al., 2004; Li et al.,
2016; Cardoso and Valim, 2006; Chaara et al., 2011). LDH can be
considered as the most appropriate adsorbent for the anionic con-
taminants without any modification as they have high anion exchange
capacity (AEC≈3meq g−1) (Legrouri et al., 2005). The positive charge
present on the surface of LDH due to partial substitution of trivalent ion
for the divalent metal ion is another mechanism for the sorption of
anionic species on the LDH.

There is no globally accepted definition for NPDs; thus, for this
study, we have considered NPDs as plastic items with at least one di-
mension smaller than<1 μm. In this study, we have used negatively
charged polystyrene (PS) nanoparticles as a model for NPDs because it
has been widely reported that commonly used forms of plastics, on
erosion possess negative charge on their surface (Fotopoulou and
Karapanagioti, 2015; Hossain et al., 2019). Nanostructured Zn-Al
layered double hydroxide (Zn-Al LDH) was synthesized and used for the
adsorption of NPDs from aqueous solution. The effect of coexisting
anionic species and varying solution pH on the adsorption was also
investigated. To mimic the environmental conditions, the adsorption
behavior of NPDs on Zn-Al LDH in synthetic freshwater (SF) and syn-
thetic hard water (SH) was also studied.

2. Materials and methods

In this study, hydrophilic polystyrene nanoparticles coated with an
anionic surfactant has been used to mimic the naturally present NPDs in
the environment. Because, during the abiotic degradation process of
primary plastics to their secondary form, the production of carbonyl
groups increases the hydrophilicity of different types of plastic poly-
mers used in daily utilities (Gewert et al., 2015).

2.1. Materials

Polystyrene (PS) nanoparticles as a model of NPDs were procured
from Sigma Aldrich (the indicated diameter of the particles is 55 nm
and hydrophilic in nature as coated with an anionic surfactant to make
them uniformly disperse in water). ZnCl2, Al(NO3)3.9H2O, NaOH,
NaNO3, Na2SO4, NaHPO4, NaHCO3, and NaCl were obtained from
Merck, India.

2.2. Synthesis of Zn-Al LDH

Zn-Al LDH were prepared by the coprecipitation method, according
to Kloprogge et al. (2004), with slight modifications (Kloprogge et al.,
2004; Youssef et al., 2013). Briefly, the solution containing Zn2+

(0.75M ZnCl2) and Al3+ (0.25M Al(NO3)3.9H2O) was coprecipitated at

constant pH 8 by using 2M NaOH. After coprecipitation, the solution
was stirred vigorously for 1 h and kept at 70 °C for 24 h. After aging, the
precipitate was filtered, dried at 85 °C for 24 h, and stored (Fig. 1). The
method used for the preparation of adsorbent i.e., Zn-Al LDH in this
study, will result in the formation of the hydrophilic surface of the Zn-
Al LDH (Youssef et al., 2013).

2.3. Characterization of the LDH and NPDs

Morphology of the LDH and NPDs was studied by using field
emission scanning electron microscope (FESEM by Carl Zeiss SUPRA
55 V P FESEM) and transmission electron microscopy (TEM by JEOL,
JEM 2100 HR model). Zeta potential and pHPZC (the value of pH where
the net charge on the surface of the particle is zero) of Zn-Al LDH and
NPDs in aqueous suspension were estimated with Malvern Zetasizer
(Nano ZS90) equipped with an accessory, MPT-2 multi-purpose pH ti-
trator (Malvern).

Surface area and porosity measurements of the Zn-Al LDH and were
carried out by using nitrogen as adsorbate at 77 K on Quantachrome
Quadrasorb automatic volumetric instrument (Anton-Paar). Before the
adsorption measurements, the sample was degassed at 100 °C for 6 h
under vacuum. The surface area was calculated by using the Brunauer
Emmett-Teller (BET) method in the range of relative pressure applied
between 0.05 to 0.3 for mesoporous Zn-Al LDH. The pore size dis-
tribution was deduced by using density functional theory (DFT).

Surface area measurements of Zn-Al LDH-NPDs mixture (reaction
precipitate) after sorption were also performed to get evidence about
the presence of NPDs on the surface of Zn-Al LDH.

The crystal phase of Zn-Al LDH was determined by powder X-ray
diffraction (PXRD) using a Rigaku (mini flex II, Japan) PXRD with a
high-power Cu-Kα radioactive source (wavelength =0.154 nm) oper-
ating at 40 kV and 70mA. Measurement was taken in the step scan
mode from 5° to 70° 2θ range at a scanning rate of 5° 2θ per minute.

The Fourier transform infrared (FTIR) spectra of Zn-Al LDH and
NPDs were recorded in the range of 4000 – 400 cm−1, with 32 scans
having a resolution of 4 cm−1, before and after adsorption by Thermo
Scientific Nicolet iS5 FTIR spectrometer equipped with accessory atte-
nuated total reflection (ATR).

2.4. Sorption studies

For the batch experiment, a stock solution of 250mg/L NPDs was
prepared in deionized (DI) water. Sorption experiments were carried
out in 50mL glass vials by mixing 10mL of NPDs solution with 5mg of
Zn-Al LDH and kept for shaking at 200 rpm. The reaction mixtures were
centrifuged (Thermo Scientific Sorvall ST16R) at 4800 rpm for 2min,
and the supernatant was analyzed for residual concentration of NPDs by

Fig. 2. TEM image of (a) LDH (b) Polystyrene (PS) nanoparticles, and (c) Zeta potential of LDH and Polystyrene nanoparticles as a function of pH.
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using a fluorescence spectrometer (JASCO FP-8300 fluorometer).
Impact of various physiochemical parameters, i.e., pH, contact time,

and competitive ions, was studied at room temperature (25 °C) and a
fixed concentration of NPDs, while for isotherm studies NPDs con-
centration was varied till 70mg/L to minimize the impact of their self-
aggregation in the presence of LDH. Further, to study the thermo-
dynamics of the sorption, both temperature and NPDs concentrations
were varied by keeping the contact time constant. Solution pH 6.5 was
kept constant in all the experiments except while studying the pH ef-
fect.

Adsorption of NPDs in the complex water system, i.e., SF and SH,
was also studied, and the compositions of synthetic waters have been
provided in SI Table S1.

For QA/QC of all the data, control experiments were carried out in
parallel under similar conditions without the addition of Zn-Al LDH.

Sorption capacity (q) of Zn-Al LDH was calculated from the fol-
lowing equation:

=Sorption capacity q C C V
m

( ) ( ) mg/gt0
(1)

Where C0 and Ct are initial and final concentration after time t of NPDs
in the solution (mg/L), q is the sorption capacity of Zn-Al LDH (mg/g),
V is the total volume of suspension (ml), and m is the dry weight of the
adsorbent (mg).

3. Results and discussion

3.1. Characterization of the LDH and NPDs

The surface morphology and average size of Zn-Al LDH and NPDs
were estimated by TEM. (Fig. 2a) show the size of nanostructured Zn-Al
LDH was less than 100 nm with regular hexagonal structure, and the
size of the uniformly distributed spherical NPDs was approximately
50 nm (Fig. 2b). At pH 4 and 10, the zeta potential of Zn-Al LDH was
45.5 ± 0.6mV and 8 ± 1mV, respectively, while for NPDs the zeta
potential ranged from -36.8 ± 2mV to -43.4 ± 0.9mV at pH 4 and 10
respectively (Fig. 2c), indicating the particles were oppositely charged
in pH range 4–10, having no point of zero charge.

Surface area measurements of Zn-Al LDH at 77 K shows a surface
area of 21.01 m²/g. The pore size distribution calculated by using the
DFT method indicates the presence of both micro and mesopores on the
surface of Zn-Al LDH. The total calculated pore volume was found to be
0.059 cc/g having an average pore diameter of 1.6 nm (SI fig. S2).

pXRD pattern of nanostructured Zn-Al LDH was obtained (SI fig.
S4). The characteristic peaks of hydrotalcite-like LDH materials were
observed; sharp peaks obtained at a small 2θ angle corresponds to
diffraction by (003), (006) planes, and indicate the large interlayer
spacing (Wang et al., 2008; Ookubo et al., 1992; Zhang et al., 2014). At
high 2θ value, reflection from (012), (015), and (110) planes were
observed, which indicates the hexagonal lattice with 3R symmetry
(Zhou et al., 2011).

3.2. LDH-NPDs interaction studies

FTIR spectra and pH titration of the nanostructured Zn-Al LDH be-
fore and after sorption were performed to see the initial interaction
between Zn-Al LDH with NPDs (Fig. 3). After adsorption of NPDs, the
zeta potential of Zn-Al LDH decreased significantly at different pH, and
pHPZC shifted towards lower pH with increasing the concentration of
NPDs (Fig. 3a). Hence, pH titration confirmed the interaction between
Zn-Al LDH and NPDs. FTIR analysis further confirmed the Zn-Al LDH –
NPDs interaction. The new bands have appeared after adsorption of
NPDs on LDH at 1332 cm−1, and 697 cm−1 (Fig. 3b). These new peaks
might be indicating the formation of the complex (M-O-NPDs) between
NPDs and Zn-Al LDH by replacing the (M-OH) surface hydroxyl groups
of LDH.

The BET measurements performed after sorption (SI fig. S3) showed
an increase in surface area from 21.09m2/g to 28.15m2/g. This in-
crease in the surface area also indicated the presence of NPDs on the
surface of LDH and confirmed the interaction between both the parti-
cles.

Further, sequential batch sorption experiments were performed to
get a clear insight into the interaction mechanism and applicability of
Zn-Al LDH for the removal of NPDs from aqueous system.

Fig. 3. (a) Zeta potential and (b) FTIR spectra of Zn-Al LDH and polystyrene (PS) NPDs mixture before and after adsorption.
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3.3. Sorption studies

Initially, preliminary experiments have been performed (SI Fig. S5)
to obtain equilibration time for the NPDs-LDH-DI water system, i.e., 2 h,
and the same was used for all further batch experiments except during
kinetic studies.

3.3.1. Effect of environmental parameters: competitive anions and pH
Ionic strength and pH of the solution are a significant factor which

influences the adsorbent – adsorbate interaction, by inducing binding
site competition and change in the functional group present at the
surface of the adsorbent (Khandelwal et al., 2019). So, the effect of
different concentrations of anions (Cl−, HCO3

−, SO4
2-, PO4

3-, and
NO3

−) and a wide range of pH (4–9) on adsorption was studied (Fig. 4).
As shown in Fig. 4a, a clear difference in adsorption capacity can be

seen at various concentrations of competitive anions. The effect of
competitive anions on sorption capacity followed sequence as:
Cl−<NO3

−<HCO3
−<PO4

3-< SO4
2-. As compared to other anions,

only 2mM concentration of SO4
2- and PO4

3- was sufficient for a sig-
nificant reduction in the sorption where 2% of removal was observed
(Fig. 4a). In the case of HCO3- the reduction in adsorption capacity was
observed at slightly higher concentration, i.e., 5 mM, while no sig-
nificant effect was observed in the presence of Cl− and NO3- ions. The
drastic decrease in sorption capacity in the presence of SO4

2-, PO4
3- and

HCO3- can be attributed to their specific affinity towards LDH (Wang
et al., 2014; Caporale et al., 2013; Ulibarri et al., 2001).

The removal efficiency at different solution pH was determined by
varying pH between 4–9, as shown in Fig. 4b. Results show NPDs
sorption was highly dependent on the pH of the solution. The removal
efficiency (RE) decreased with an increase in pH, i.e. 100 % at pH 4 and
reached 37 % at pH 9 (Fig. 4b). The effect of pH on the sorption of NPDs
by Zn-Al LDH can be explained in terms of the point of zero charges
(pHPZC). As shown (Fig. 2c), Zn-Al LDH had pHPZC above pH 10 and
positively charged surface in the whole pH range studied here. While
the NPDs were highly negatively charged in the studied pH range.
Hence the interaction was highest at pH 4. With an increase in pH of the
solution, the zeta potential of Zn-Al LDH decreased due to the depro-
tonation of surface hydroxyl groups and was near zero at pH 9 where
adsorption was least.

3.3.2. Effect of contact time: sorption kinetics
The rate of adsorption of NPDs on Zn-Al LDH as a function of

contact time in different types of waters has been shown in Fig. 5. In
order to get the insight of adsorption mechanism, pseudo-first-order,
pseudo-second-order, and general-order reaction kinetics models were

used (Wamba et al., 2017). The mathematical forms of all the used
kinetics models have been provided in SI (S-3). Kinetics curve and
parameters have been deduced by using nonlinear fitting of the above-
mentioned different kinetic models. The best-fit for different kinetic
models was evaluated by using the adjusted determination coefficient
(R2adj) value that has been provided in Table 1, along with all other
parameters.

It is clear from the data presented in Table 1 that among all the
studied models, the general-order kinetic model showed the highest
R2adj values from 0.91−0.95 for all types of water studied here. This
suggests that the qt value predicted by the general-order model is the
closest to experimentally measured qt value.

The adsorption behavior of NPDs on Zn-Al LDH was varying with
different water compositions. The rate of removal was fast and highest
in DI and SF and slow and least in SH that can be directly correlated
with the obtained rate constants and predicted qt values (Fig. 5d).

3.3.3. Effect of NPDs concentration on sorption capacity in the various
types of water

To understand the impact of adsorbate concentration on the sorp-
tion capacity of adsorbent, NPDs concentration was varied by keeping
LDH amount constant, i.e., 5 mg at different temperatures (i.e., 15 °C,
25 °C and 35 °C). Nanoparticles can self-aggregate at very high con-
centrations in the presence of LDH and therefore, at high concentra-
tions, removal can be a combination of both sorption and aggregation.

For further insight on the sorption phenomenon, experiments were
kept limited to the highest concentration of 70mg/L of NPDs, even if
the plateau was not achieved. Since the plateau was not observed,
obtained data were modeled using only non-linear Freundlich and Sips
isotherms to get some insights about the nature of sorption and sorption
capacities. The equilibrium curves have been presented in Fig. 6, and all
the parameters obtained for both isotherms were shown in Table 2.

Results in Fig. 6 show an increase in the sorption capacity with the
increase of NPDs concentration in all different water types, i.e., DI, SF,
and SH. Interestingly, removal in soft water was slightly higher than DI
at high concentrations of NPDs while it was lowest in the case of SH.
The highest removal in the case of SF can be explained by the self-
aggregation of NPDs due to the presence of different ionic species in the
solution. While lowest removal in the case of SH can be attributed due
to competitive site binding by the high concentrations of anionic spe-
cies present as described in Fig. 4a and decrease in stability of LDH at
high pH of synthetic hard water. The decrease in the stability of LDH in
SH can be explained by the pH titration curve (Fig. 2c), as the decrease
in the zeta potential of LDH was observed above pH 8 and was near to
pHPZC value. The faster coverage of the LDH surface by DOM may be

Fig. 4. Effect of (a) concentration of ions and (b) pH on the removal efficiency of Zn-Al LDH.
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another mechanism to provide stabilization through electrostatic re-
pulsion in the system, as discussed in our previous studies (Singh et al.,
2019; Tiwari et al., 2020). The order of obtained maximum sorption
capacities at room temperature from the Sip isotherm model was DI
(164.4mg/g) ≈SF (162.6mg/g)> SH (53.2mg/g). Good fitting with
Freundlich isotherm and n>1 (Table 2) clearly suggests multilayer
stacking with the non-ideal nature of sorption.

3.4. Adsorption thermodynamics

The effect of temperature on the adsorption process was also studied
and isotherm curves have been presented in Fig. 6. But it is clear from
the graphs that the effect of temperature on the adsorption process is

minimal; therefore, we have only calculated the change in Gibbs free
energy (ΔG0) for the sorption process to confirm the feasibility of
sorption of NPDs on LDH. The equation used for calculating ΔG0 values
are given as following (Lima et al., 2019) :

=G RTlnKe
0 0 (2)

=K
K molecular weight of adsorbate adsorbate( . ). [ ]

e
g0

0

(3)

Where R is the universal gas constant in J mol−1 K−1, T is the tem-
perature in K, Ke

0 is the thermodynamic equilibrium constant, Kg is the
best-fitted isotherm model and γ is the coefficient of activity. The ne-
gative value of ΔG0 at all the studied temperatures in the case of various
types of water indicates the adsorption is favourable and spontaneous
in all the waters studied here. The values obtained for ΔG0 at all tem-
peratures and different types of waters fall in the range of -7 to -25 KJ/
mol (Table 3), which indicates the process of sorption is physio-sorption
in nature (Humpola et al., 2013).

3.5. Desorption, reusability of adsorbent and insight about sorption
mechanism

After performing the sorption experiments, the recovery of NPDs
from LDH has also been investigated to check the reusability of LDH
(Fig. 7). The reaction mixture has been acidified till pH less than 2 after
reaching equilibrium and agitated vigorously for complete desorption
of NPDs from LDH. The recovery of NPDs was observed to be 100 %
because of the dissolution of LDH. The solution containing NPDs, Zn2+,
and Al3+ was centrifuged at 10,000 rpm for 2min, and NPDs have been
separated.

Fig. 5. kinetics adsorption curve of NPDs in (a) distilled water, (b) synthetic freshwater, (c) synthetic hard water, and (d) kinetic rate constants and predicted q value
by different kinetic models in various types of water.

Table 1
Adsorption rate constant and adjusted determination coefficient for all reaction
kinetics models.

Kinetics model Model parameters Water type

DI SF SH

Pseudo first order k1 (min−1) 4.07 1.56 1.39
q (mg/g) 40.89 36.4 23.36
R2 0.91 0.89 0.79

Pseudo second order k2 (g mg−1min−1) 0.23 0.068 0.060
q (mg/g) 41.40 40.82 27.17
R2 0.92 0.90 0.94

General-order kN (min−1 (g mg−1) n−1) 1.28 0.49 0.85
qt 39.73 38.64 23.8
N 1.5 1.45 1.16
R2 0.95 0.91 0.91
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The solution containing Zn2+ and Al3+ was co-precipitated with the
help of NaOH at pH 8, for its further use. A small video clip showing
recovery experiments performed in the laboratory has also been pro-
vided as supplementary information.

Since, both the particles used in this study i.e., adsorbent and ad-
sorbate, are oppositely charged in nature and hence electrostatic in-
teraction is the major phenomenon which leads to the sorption of ne-
gatively charged NPDs on the positively charged surface of Zn-Al LDH.
The electrostatic interaction between both the particles further causing
their aggregation and removal from the aqueous solution via sedi-
mentation (Fig. 7).

To get more insight into the interaction mechanism between NPDs
and Zn-Al LDH, TEM, STEM, and elemental mapping were performed
before and after adsorption to confirm the presence of NPDs on the
surface of Zn-Al LDH. As shown in Fig. 8, more aggregated particles
were observed after adsorption (Fig. 8f) due to electrostatic interaction
between adsorbate and adsorbent, which is also in support of pH ti-
tration measurements. The presence of NPDs on the surface of Zn-Al
LDH further confirmed by elemental mapping of the adsorbent before
and after sorption (Fig. 8e & j), results showed a high concentration of
carbon was present after sorption and confirmed the presence of NPDs
on Zn-Al LDH.

The surface properties of adsorbent were related to pH, at lower pH
value, the surface of Zn-Al LDH became protonated as −OH2+ group
would be present on the surface. So, the negatively charged NPDs can
be easily adsorbed on the surface, and the same was observed pre-
viously in section 3.2 (Fig. 3a). The shift in the pHPZC after sorption
shows the specific adsorption of NPDs on Zn-Al LDH rather than a
simply electrostatic attraction.

Moreover, the interaction between NPDs and LDH has also been
confirmed by surface area measurements after sorption (SI fig. S3).
Since polystyrene particles were of 55 nm in size, so they also have their
own surface area. Therefore, the adsorption of NPDs on LDH had shown
an overall increase in the total surface area of reaction precipitate after
sorption.

Also, the values obtained for Gibbs free energy suggests the ad-
sorption of NPDs on LDH is favorable and spontaneous in nature. The
process of sorption is more likely to be physical sorption. This might
also be supported by the 100 % recovery of NPDs, which shows the

particles were not chemically bounded to the LDH and attached by the
only weak electrostatic force of attraction, therefore complete recovery
was there.

Fig. 6. Adsorption isotherm curves of NPDs at (a) 15 °C (b) 25 °C, and (c) 35 °C in different types of waters.

Table 2
Adsorption isotherms constants and correlation coefficient for Freundlich and Sips isotherm in different waters at 25 °C.

Water type Freundlich isotherm model Sips isotherm model

KF n R2 KS (mg L−1) −1/n Qmax n R2

(mg g−1)

DI 0.060 1.78 0.97 4.4× 10−6 164.49 3.09 0.96
SF 0.12 1.75 0.94 1.05× 10−5 162.62 3.10 0.94
SH 3×10−4 2.92 0.97 3.14× 10−6 53.27 3.27 0.97

Table 3
Gibbs free energy value for NPDs sorption on nanostructured Zn-Al LDH in
different types of waters at different temperatures.

Water ΔG0 (kJ mol−1)

288 K 298 K 308 K

DI −8.07 −20.34 −24.10
SF −15.80 −21.81 −22.82
SH −17.41 −7.27 −11.52

Fig. 7. Removal and recovery mechanism of nano-scale plastic debris (NPDs)
from aqeous systems by using layered double hydroxides(LDH).
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4. Conclusion

The present study has first time reported the removal of NPDs from
aqueous environment by using eco-friendly sorption techniques.
Nanostructured Zn-Al LDH, which has been successfully synthesized by
the co-precipitation method, was considered as a potential adsorbent
for the removal of NPDs from the aqueous environment. The negatively
charged NPDs were adsorbed on Zn-Al LDH by electrostatic interaction,
and 96 % removal of NPDs was observed in the case of DI. The co-
existing anionic species and pH of the system influenced the adsorption
of NPDs on Zn-Al LDH. Reduction in the adsorption capacity in the
presence of anionic species resulted due to increased competitive
binding. The removal was highest at low pH and decreased with an
increase in the pH of the system. The adsorption kinetics of NPDs on Zn-
Al LDH in different types of waters were well described by the general-
order kinetic model. It is noteworthy; the rate of sorption was faster and
higher in DI and SF, and slow and lower in SH. This can be explained by
the higher aggregation of NPDs in SF due to the presence of a low
concentration of different ionic species in the aqueous system. The low
removal in the case of hard water can be attributed due to an increase in
competitive binding sites on the surface and a decrease in the stability
of adsorbent. Sips isotherm suggests Zn-Al LDH has a very high sorption
capacity for NPDs with a maximum of 164.49mg/g, 162.62mg/g and
53.27mg/g in DI, SF, and SH respectively. Besides, equilibrium ad-
sorption isotherms fit well with Freundlich's model in different water
types of aqueous matrices with a value of n>1 supporting hetero-
geneous nature of sorption of NPDs on LDH. The thermodynamic data
revealed the process of sorption was favourable and spontaneous in all
types of studied water composition, but removal was least in the case of
synthetic hard water. The process of sorption was more likely to be
physical sorption. This might also be supported by the 100 % recovery
of NPDs, which shows the particles were not chemically bounded to the
LDH and attached by the only weak electrostatic force of attraction,
therefore complete recovery was there. However, Zn-Al LDH can be
used for the removal of NPDs from the freshwater system, having a low
concentration of ionic species. Further modification in the adsorbent
can be explored for the good removal capacity in different types of
waters.
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