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PVA/PAA/DMTD electrospun nanofibrous
membrane for the selective adsorption
of Pb(ll) ions in liquid foods

Han Wang, ' Dongtian Miao,?? Yongjiang Yu,' Zhihan Zhang," Youlong Zhu,?* and Qing Wang'#*

SUMMARY

Lead (Pb(ll)) contamination is common in liquid foods and can result from Pb(ll) being present in the raw
materials or during handling processes. However, due to the complexity of food matrices, there is limited
data available concerning Pb(ll) ion removal from food sources. This study focused on fabricating a PVA/
PAA/DMTD electrospun nanofibrous membrane (ENFM) to efficiently and selectively remove Pb(ll) ions
from liquid foods. The PVA/PAA/DMTD ENFM had a maximum adsorption capacity of 138.3 mg/g for
Pb(ll) ions and demonstrated high selectivity toward the removal of Pb(ll) ions. Negative values of the
Gibbs free energy (AG°) showed that the spontaneous nature of the adsorption process was feasible at
different temperatures. Moreover, it successfully removed Pb(ll) ions from selected samples of commer-
cially available drinks. Therefore, this adsorbent exhibits significant potential for removing Pb(ll) ions from
liquid food products, thereby reducing daily dietary exposure to Pb(ll).

INTRODUCTION

Lead (Pb(ll)) is a heavy metal that is broadly employed in various industrial processes, and particularly in the manufacturing of pipes, paints,
and pigments, due to its corrosion resistance. The discharge of industrial wastewater leads to environmental water resources and soil pollu-
tion. Beverages are prone to Pb(ll) contamination due to the presence of Pb(ll) in raw materials or exposure to lead-containing materials dur-
ing packaging, storage, and other handling processes."” Recently, there has been evidence that the popularity of non-alcoholic beverages
among children and adolescents is increasing.®* Additionally, studies have demonstrated that food constitutes a significant source of Pb(ll)
exposure for children.” Even low levels of Pb can pose serious health hazards to children, including anemia, decreased immunity, memory
loss, and cardiovascular stress.®’ Currently, Pb(ll) content in liquid foods exceeding the national food safety standard remains an occasional
occurrence in certain developing countries.>"'° For example, Sylvester et al. discovered that the Pb(ll) content in multiple non-alcoholic bev-
erages in Nigeria exceeded the limits established by both the World Health Organization (WHO) and Nigerian standards.’

Consequently, numerous technologies have been developed to address the removal of Pb(ll) ions from liquid foods with the aim of miti-
gating the population’s exposure to Pb(ll). These technologies encompass ion complexation, exchange, and adsorption.'''? Currently, the
adsorption technique is widely recognized as one of the most efficacious means of removing Pb(ll) ions from liquid food due to its advantages
of high efficiency, ease of operation, and lack of secondary pollution.”*'* However, most powder-based adsorbents, such as chitosan,'” acti-
vated carbon,'® and zeolite,"” have drawbacks including poor selectivity, difficulty in separation and recovery, and unsuitability for removing
low-concentration Pb(ll) ions."®

Electrospinning offers a straightforward approach for fabricating fibers with diameters that cover the range from nanometers to submi-
cron.'??0 Electrospun nanofibrous membranes (ENFMs), known for their ample porosity, substantial specific surface area, ease of modifica-
tion, and convenient separation and recovery, are highly suitable for adsorbing pollutants in water treatment and have attracted considerable
interest among researchers.”’”” In the electrospinning process, a polymer solution is ejected from the tip of a needle as an electric field is
applied. The charged liquid jet is pushed toward the collector, a process in which the solvent undergoes evaporation, leading to the solid-
ification of the polymer into nonwoven fibrous nanofibers deposited on the collector.”?

In a previous study, poly(vinyl) alcohol/poly(acrylic) acid (PVA/PAA) fibers were successfully fabricated by employing the electrospinning
technique, providing adsorption sites for metal cations by virtue of the existence of carboxyl and hydroxyl groups.”* Heat treatment can
improve the water resistance of PVA without the use of toxic cross-linkers.” In fact, the liquid food environment necessitates adsorption ma-
terials with enhanced selectivity to eliminate Pb(ll) ions from liquid foods. From the application perspective, it is important to study the selec-
tivity of adsorption because other metal ions in liquid foods may interfere with the adsorption process. Additionally, it is undesirable for the
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Figure 1. Fiber structure of ENFMs
SEM images of the (A) PVA/PAA ENFM and (B) PVA/PAA/DMTD ENFM.

adsorbent to remove Pb(ll) ions that would substantially reduce certain metal elements in foodstuffs that are beneficial to human nutrition.
2,5-Dimercapto-1,3,4-thiadiazole (DMTD) contains abundant sulfur (S) and nitrogen (N) elements and possesses a highly conjugated struc-
ture, enabling excellent coordination and responsiveness to Pb(ll) ions.”*?’ Thus, DMTD is an ideal additive for enhancing the selectivity
of the PVA/PAA nanofiber membrane for Pb(ll) ions.

In this work, we prepared a PVA/PAA/DMTD ENFM by incorporating DMTD into the polymer solution to achieve the efficient and selective
reduction of trace amounts of Pb(ll) ions in various liquid foods. The performance of removing Pb(ll) ions in aqueous solutions was then eval-
uated by conducting batch adsorption experiments. We also explored the effect of pH values on the removal of Pb(ll) ions and evaluated the
selectivity of the adsorbent to Pb(ll) using various metal ions. Furthermore, the regeneration ability of the PVA/PAA/DMTD ENFM for the
adsorption of Pb(ll) ions was examined. Finally, we attempted to adsorb Pb(ll) ions in commercially available liquid foods, and we obtained
a satisfactory removal efficiency. Our study contributes to advancing the research direction of Pb(ll) removal technologies in liquid foods.

RESULTS AND DISCUSSION

Characterization

The morphologies of the PVA/PAA ENFM and the PVA/PAA/DMTD ENFM were obtained from the SEM (Figure 1). The PVA/PAA ENFM ex-
hibited fibers with consistent diameters (156.8 + 39.6 nm), smooth fiber surfaces, and randomly distributed fiber networks. Importantly, the
incorporation of DMTD led to a substantial reduction in the pore sizes of the ENFM.

The FT-IR spectra of PVA/PAA/DMTD ENFM, PVA/PAA ENFM, and DMTD monomer in the range of wavenumbers from 4,000 to 400 em™!
are illustrated in Figure 2A. The peaks detected at 1,091 and 1,237 cm ™" corresponded to the stretching vibrations of C-O and C-C, respec-
tively. The peak at 1,704 cm ™~ was attributed to the ester group (COO) of PAA/PVA.”**° For the DMTD monomers, the characteristic bands at
2,854and 2,476 cm™" correspond to S-H stretching vibrations,®' the bands at 1,501, 1,262, 1,119, 1,049, and 712 cm ™" were classified as N-H in-
plane deformation, the thioamide Il mode, thiadiazole ring skeleton stretching, N-N stretching, and the C-S-C endocyclic asymmetric stretch,
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Figure 2. Chemical structure and stability of ENFMs
(A) The FT-IR spectra of the PVA/PAA/DMTD ENFM before and after adsorption of Pb(ll), the PVA/PAA ENFM, and (B) the DMTD monomer, and the TGA curves
of the PVA/PAA ENFM and PVA/PAA/DMTD ENFM.
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Figure 3. Effect of preparation conditions
The impact of (A) the DMTD concentration and (B) rotational speed of the PVA/PAA/DMTD ENFM on the adsorption capacity for Pb(ll) ions. Data are represented
as the mean values of the three groups.

respectively.”” Consequently, the spectrum of the PVA/PAA/DMTD ENFM exhibited distinct characteristic peaks, confirming the successful
incorporation of DMTD into the composite. Additionally, the FT-IR spectra showed that the PVA/PAA/DMTD ENFM had essentially identical
characteristic peaks before and after the adsorption of Pb(ll). This proved that the adsorbent had good stability during the adsorption process.

The thermogravimetric analysis (TGA) was used to obtain the thermal characteristics. Figure 2B shows the weight loss with increasing tem-
perature for both samples (PVA/PAA ENFM and PVA/PAA/DMTD ENFM) via the TGA curves. The results of the thermogravimetric analysis of
the PVA/PAA/DMTD ENFM were very similar to those of the PVA/PAA ENFM, both showing some water loss below 100°C and a thermal
decomposition process that began near 200°C and continued until 500°C. The weight loss of the PVA/PAA ENFM and PVA/PAA/DMTD
ENFM began from the temperature onsets of 183°C and 214°C, respectively, to nearly complete thermal degradation at 473°C and
537°C, respectively. This indicated that the addition of DMTD increased the thermal stability of the materials.

Effect of the DMTD concentration and the rotational speed of the collector during preparation

The SEM images that are shown in Figure S1 illustrate the morphologies of the PVA/PAA ENFM and PVA/PAA/DMTD ENFM with varying
mass concentrations of DMTD (2.5 wt.%, 5 wt.%, 7.5 wt.%, and 10 wt.%). The addition of DMTD led to a gradual unevenness in the diameter
of the PVA/PAA/DMTD nanofibers. The effect of the DMTD content in the PVA/PAA/DMTD ENFM on the removal performance of Pb(ll) ions
was subsequently assayed in an aqueous solution of 1 mg/L Pb(ll). We found that the adsorption capacity of the ENFM mixed with DMTD was
10.2-10.7 mg/g, which was much greater than that of the original PVA/PAA ENFM (3.4 mg/g) (Figure 3A). The influence of the DMTD addition
on the adsorption performance was also explored. The adsorption capacity of the fiber membranes mixed with 5 wt.%, 7.5 wt.%, and 10 wt.%
DMTD displayed a similar trend and all above 2.5 wt.%. Concurrently, the average pore size of the fiber membrane exhibited a decreasing
trend with increasing DMTD content. However, further increases in the DMTD dosage beyond 7.5 wt.% resulted in damage to the fibrous
membrane integrity. During the initial 2 h of adsorption, the ENFM doped with 5 wt.% DMTD demonstrated both a superior adsorption ef-
ficiency and a well-maintained fiber network integrity compared with those doped with 2.5, 7.5, and 10 wt.% DMTD. The PVA/PAA/DMTD
ENFM was prepared using 5 wt.% DMTD for the subsequent experiments.

The rotational speed of the electrospinning device's mandrel (with a diameter of 8 cm) can influence the pore size of the fiber membrane,
consequently impacting its adsorption performance.®® The PVA/PAA/DMTD ENFM was prepared at speeds of 150, 300, 450, 900, and
1,800 rpm. The morphological structures of the PVA/PAA/DMTD ENFM were characterized by SEM. Figure S2 reveals a gradual decrease
in the pore size with an increasing rotational speed. The adsorption efficacy of the PVA/PAA/DMTD ENFM with varying pore sizes was eval-
uated in an aqueous solution containing 1 mg/L Pb(ll) ions. As depicted in Figure 3B, the PVA/PAA/DMTD ENFM collected at 150 rpm had a
looser pore structure, resulting in the lowest adsorption efficacy for Pb(ll) ions compared with the others. Its equilibrium adsorption capacity
was only 9.2 mg/g. The adsorption performances of the other four groups were similar. Therefore, 450 rom was chosen to ensure a rich pore
structure and optimal adsorption capacity.

Effect of the aqueous pH value, adsorption time, and initial concentration value on the Pb(ll) adsorption

The solution’s pH values were adjustedto2 + 0.1,3 £ 0.1,4 +£ 0.1,5 £ 0.1,6 £ 0.1,7 £ 0.1, and 8 £ 0.1 to determine the ideal pH level for
the effective adsorption of Pb(ll) ions. The Pb(ll) ion removal efficiency increased with increasing pH values in the pH range of 2.0-5.0 (Figure 4).
Additionally, the Pb(ll) ion removal efficiency reached 95% at a pH value of approximately 5.0, with the adsorption capacity of the PVA/PAA/
DMTD ENFM for Pb(ll) reaching its maximum at approximately 12.14 mg/g. In a relatively acidic environment, the competitive H*-Pb(ll) inter-
action leads to a reduced adsorption efficiency for Pb(ll) ions in a low-pH solution.** With a rise in the solution pH, electrostatic repulsion and
competitive interactions gradually decreased as a result of the weakened ionization of Pb(ll) and functional groups, resulting in an increase in
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Figure 4. The effect of the pH value of the solution on both the removal efficiency and the adsorption capacity of the PVA/PAA/DMTD ENFM for
Pb(ll) ions
Data are represented as means + SDs, n = 3.

the adsorption capacity.”® Nevertheless, Pb(ll) tends to precipitate at pH values exceeding 5.0,” resulting in a decreased efficiency in
removing Pb(ll) by the filbrous membranes. Subsequently, the removal of Pb(ll) ions by the PVA/PAA/DMTD ENFM was investigated in the
follow-up study, with the solution pH value controlled at 5.0.

To ensure that the adsorption process reached equilibrium and the adsorbent was fully utilized, the influence of the adsorption time on
Pb(Il) removal was tested. The initial Pb(ll) ions content was controlled at 1 mg/L. Consequently, after adsorption for various times, the Pb(ll)
content in the aqueous solution was detected at each time point separately. As shown in Figure 5A, initially, the adsorbents possessed a sur-
plus of adsorption sites that caused a swift rise in the adsorption capacity of the PVA/PAA/DMTD ENFM for Pb(ll) ions within the first 60 min.
Subsequently, the process progressively slowed down, reaching adsorption saturation at approximately 180 min. Notably, the equilibrium
adsorption capacity of the PVA/PAA/DMTD ENFM for Pb(ll) ions was 14.1 mg/g, indicating a 3.1-fold increase compared with the PVA/
PAA ENFM (Figure S3A).

As illustrated in Figure 5B, the adsorption performance of the PVA/PAA/DMTD ENFM was also subject to the influence of the starting level of
Pb(ll) ions. At a relatively low level of Pb(ll), they were entirely bound to the effective binding sites of the adsorbents. However, when the starting
concentration was approximately 60-100 mg/L, the adsorption capacity of the PVA/PAA/DMTD ENFM for Pb(ll) was unchanged because of the
saturation of the adsorption sites. At an initial Pb(ll) content of 60 mg/L, the adsorption capacity of the PVA/PAA/DMTD ENFM reached
138.3 mg/g, surpassing the maximum equilibrium adsorption capacity of the PVA/PAA ENFM that was approximately 21.1 mg/g (Figure S3B).

Adsorption kinetics

Kinetic models are mathematical expressions for g as a function of time when the initial concentration is pre-specified.* As illustrated in
Figures 6A-6C and Table 1, the coefficients of determination (R?) close to one demonstrated that the experimental data were well fitted

A B
16
160 |
= 1
2k
i 120
~ P
= »
E E s}
& =
4 40 F
—— 0 —
15 30 60 120 180 240 300 360 001701 1 10 30 60 100
Time (min) ¢, (mg/L)

Figure 5. Effect of adsorption conditions
The impact of (A) the adsorption time and (B) starting concentration on the adsorption capacity of the PVA/PAA/DMTD ENFM for Pb(ll) ions.
Data are represented as means + SDs, n = 3.
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Figure 6. Adsorption kinetics and adsorption isotherms model fitting curves of the PVA/PAA/DMTD ENFM
(A) pseudo-first-order (PFO) and pseudo-second-order (PSO) model fit with experimental data, respectively; (B) Weber-Morris intraparticle diffusion model; (C)
Boyd's external-diffusion model; and (D) various isotherm models fit with experimental.

to the adsorption kinetic models. However, by comparing the values of R?, we could not absolutely identify whether the pseudo second order
(PSO) model or the pseudo first order (PFO) model was the best-fitting model. Nevertheless, when the initial concentration was 1 mg/L, the g,
value predicted by the PFO model was very close to the experimental value (14.1 mg/g) compared with the other kinetic models. Therefore,
the PFO model was the best kinetic model to explain the adsorption of lead ions on the PVA/PAA/DMTD ENFM.*

The experimental data were fitted to Boyd's external diffusion equation and the Weber-Morris internal diffusion equation to capture
whether mass transfer from the liquid film surrounding the adsorbent or diffusion into the internal porous structure of the material
was the rate-controlling phase of the adsorption process.” To assess the potential for transport of Pb(ll) ions within the pores of the fiber
membranes, the adsorption data were fitted to the intraparticle diffusion plots. The intraparticle diffusion model is typically given by the
Weber-Morris equation.®” The plot of g versus t'/? is not a straight line and does not pass through (0, 0), indicating that adsorption was
controlled by more than one process.”® Boyd's external diffusion showed a high goodness of fit to the experimental results not only

through a high R? value but also through an intercept close to zero. Such results demonstrated that film diffusion was the rate-controlling
37
phase.

Isothermal studies

Adsorption equilibrium studies use several isothermal models in the form of g, = F(Ce) functions. The adsorption isotherms of Pb(ll) by the
PVA/PAA/DMTD ENFM were investigated at a temperature of 298 K. To find the best isotherm model for interpreting the data reported in
these plots, three two-parameter models (Langmuir, Freundlich, and Tempkin) and three three-parameter models (Redlich-Peterson, Toth,
and Sips) were used to fit the experimental data and characterize the possible mechanisms of adsorption of Pb(ll) by the PVA/PAA/
DMTD."® The results are shown in Figure 6D and Table 2. Compared with the Freundlich and Tempkin model, the R? of the Langmuir
model was higher, and the gy, for the Pb(ll) ions predicted by the Langmuir model was 138.8 mg/g, which is similar to the experimental
data (138.3 mg/qg). This implied that the Langmuir model was more suitable for the Pb(ll) adsorption process by the PVA/PAA/DMTD
ENFM. Therefore, the process of Pb(ll) ions adsorption by the PVA/PAA/DMTD ENFM may follow a monolayer adsorption mechanism.”'
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Table 1. Parameters of the adsorption kinetics for Pb(ll) ion uptake onto the PVA/PAA/DMTD ENFM

Kinetics model Equation Parameters R2

Pseudo-first-order gt = ge-[1 — exp(— kit)] ky (min~") 9e (Mg-g™") 0.999
0.026 141

Pseudo-second-order gt = G2kat/[koget +1] ko (g-mg~"-min~") 9e (mg-g™") 0.989
0.002 15.9

Weber-Morris gt = k,pt1/2+l kip1 (mg-g~"-min~"?) I 0.998
1.75 —2.08
kipz (mg-g~"-min~""?) I 0.925
0.42 8.46
kips (mg-g™"-min~""?) I3 0.729
0.05 13.2

Boyd (1~ F) = ky+ A F = I kp (min~") A 0.979

% 0.016 0.52

Similarly, the adsorption isotherms all followed the three-parameter models of Redlich-Peterson, Toth, and Sips. However, the values of n
in the three-parameter models were not near one, and this indicated that the adsorption sites of Pb(ll) in the PVA/PAA/DMTD ENFM were
not homogeneous.****

The Pb(ll) ion adsorption performance of the PVA/PAA/DMTD ENFM was compared with those of electrospun nanofibrous membranes
reported previously to evaluate its adsorption performance. Table 3 shows the g,,, values of various electrospun nanofibrous membranes for
Pb(ll) ions reported in some recent studies. Compared with other electrospun membranes, the PVA/PAA/DMTD ENFMs had a relatively
excellent adsorption capacity for Pb(ll) ions. Although the adsorption capacity of the PVA/PAA/DMTD ENFM was slightly lower than that
of some ENFMs,*** the operating method is more convenient and the materials are safer because we used an aqueous polymer solution
for electrospinning and cross-linking by heat treatment, a process that does not involve organic solvents or cross-linking agents. These results
indicated that the PVA/PAA/DMTD ENFM material showed better application potential for the elimination of Pb(ll) ions from water and liquid
foods.

Effect of temperature and thermodynamic study

Changes in temperature may result in changes in the adsorption capacity and equilibrium constant of an adsorbent. As shown in Figure 7A,
the adsorption capacity of the PVA/PAA/DMTD ENFM for Pb(ll) increased with increasing temperature. The increase in the adsorption ca-
pacity may have been due to an increase in the adsorption equilibrium constant at a higher temperature. To assess the feasibility and

Table 2. Parameters of the adsorption isotherms for Pb(ll) ion uptake onto the PVA/PAA/DMTD ENFM

Isotherms model Equation Parameters R2
Langmuir Ge = Gmbice/(1 +bice) gm (Mg-g™") by (L-mg™" 0.982
138.8 0.9
Freundlich G = bect/” be (mg'="" LV .g7") n 0.950
37.3 3.2
Tempkin o — E(In ke): B = H k(L-mg™") B 0.879
b b
50.5 15.1
Redlich-Peterson e = krce/(1 +arce") kg (L‘mg_1) n aR 0.974
53.6 0.87 0.7
Toth o - QmkrCe kr (mg-L~" n gm (Mmg-g™") 0.971
e 71/n
[1+(krce)"]
0.43 0.58 167.9
Sips Gm(ksce)” ke (LY -mg=""") n gm (Mg-g™") 0.968

G = 1+(ksce)”
0.15 0.75 155.5
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Table 3. Comparison of the adsorption performances for Pb(ll) on other electrospun nanofibrous membranes

Im Cycle
ENFM Abbreviation (mg/g) number Solvents Cross-linking agents Reference
Multiwalled carbon nanotube— MWCNT-PEI/ 2327 5 N, N-dimethylformamide® / Deng et al.**
Polyethyleneimine/Polyacrylonitrile PAN
Chitosan/Poly(ethylene oxide) CS/PEO 108 5 Acetic acid® / Shariful et al.*®
Polyethyleneimine/Polyvinyl alcohol PEI/PVA 90.03 3 Distilled water N,N-dimethylformamide®, Wang et al.*’
glutaraldehyde®
Poly(ether sulfones)/Poly(ethyleneimine) PES/PEI 94.34 3 N, N—dimethylacetamided Glutaraldehyde®, acetone”  Min et al.*®
Cellulose acetate/Polymethacrylic acid =~ CA/PMAA 146.21 5 N, N-dimethylformamide® / Zang et al.*®
Phosphorylated polyacrylonitrile P-PAN 98.06 4 N, N-dimethylformamide® Hydrazine hydrate® Zhao et al.”’
Polyurethane/Phytic acid PU/PA 13652 5 N, N-dimethylformamide®, / Fang et al.”
tetrahydrofuran’
Poly(vinyl) alcohol/poly(acrylic) acid/ PVA/PAA/ 138.79 6 Distilled water / This study
2,5-dimercapto-1,3,4-thiadiazole DMTD

GHS classification:

?Flammable liquids (Category 3), H226; Skin corrosion/irritation (Category 1A), H314; Serious eye damage/eye irritation (Category 1), H318.

bAcute toxicity, Dermal (Category 4), H312; Serious eye damage/eye irritation (Category 2A), H319; Acute toxicity, Inhalation (Category 4), H332; Reproductive
toxicity (Category 1B), H340.

“Acute toxicity, oral (Category 3), H301; Skin corrosion/irritation (Category 1B), H314; Skin sensitization (Category 1), H317; Acute toxicity, inhalation (Category 1),
H330; Respiratory sensitization (Category 1), H334; Specific target organ toxicity—single exposure, respiratory tract irritation (Category 3), H335; Short-term
(acute) aquatic hazard (Category 1), H400; Long-term (chronic) aquatic hazard (Category 2), H411.

9Flammable liquids (Category 2), H225; Serious eye damage/eye irritation (Category 2A), H319; Specific target organ toxicity—single exposure (Category 3),
Narcotic effects, H336.

°Flammable liquids (Category 3), H226; Acute toxicity, oral (Category 3), H301; Acute toxicity, inhalation (Category 2), H330; Acute toxicity, dermal (Category 3),
H311; Skin corrosion/irritation (Category 1B), H314; Skin sensitization (Category 1), H317; Carcinogenicity (Category 1B), H350; Short-term (acute) aquatic hazard
(Category 1), H400; Long-term (chronic) aquatic hazard (Category 1), H410.

fFlammable liquids (Category 2), H225; Serious eye damage/eye irritation (Category 2A), H319; Specific target organ toxicity—single exposure, respiratory tract
irritation (Category 3), H335; Carcinogenicity (Category 2), H351.

spontaneity of the adsorption process, the slopes and intercepts of van't Hoff equation were used to evaluate the changes in free energy
(AG®), enthalpy (AH°), and entropy (A5

AH AS° R
Inb, = — ”T +T (Equation 1)
AG° = — RTInb, (Equation 2)
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Figure 7. Effect of temperature and thermodynamic study
(A) Effect of temperature on the adsorption properties of the PVA/PAA/DMTD ENFM and Langmuir model fitting and (B) the linear fit of the In b to 1/T for
determining the thermodynamic parameters.
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Table 4. Thermodynamic parameters of the adsorption of Pb(ll) by the PVA/PAA/DMTD ENFM

T (K) b (L-mol™") AG°(kJ-mol™) AH° (kJ-mol™") AS (kd-mol~"-K™T)
298 2.07x10* —30.36 41.31 0.24

308 3.65%10* —32.77

318 6.15x10* —35.18

328 9.43x10* —37.58

where by (L-mol™") is the Langmuir equilibrium constant; T (K) is the temperature; AH° (kJ-mol™") is the standard enthalpy change; AS®
(kJ-mol~"- K~ is the standard entropy change; AG® (kJ-mol™") is the standard Gibbs free energy change; and R is the gas constant
(8.314 J-mol™" -K™.

As shown in Figure 7B, the values of AS® and AH® were estimated based on vant Hoff's equation, plotted with the In b with respect to 1/T,
and based on the slope and intercept, which were 0.24 kJ-mol~ "K' and 41.31 kJ-mol™", respectively. Additionally, AG® was calculated ac-
cording to Equation 5 for different temperatures, as shown in Table 4. Positive values of AH° indicate an endothermic nature of the adsorption
process. The range of AH° for hydrogen-bonding forces is typically between 2 and 40 kJ-mol™", so if AH*<40 kJ-mol~", physisorption is
considered to have occurred. We calculated the AH® was 41.31 kJ-mol~", which is near the threshold value. Hence, it can be concluded
that the process of Pb(ll) adsorption by the PVA/PAA/DMTD ENFM was primarily physical. Negative values of the AG® (—30.36, —32.77,
—35.18, and —37.58 kJ-mol™") indicated the feasibility and spontaneity of the adsorption process at 298, 308, 318, and 328 K. The AS® ex-
hibited a positive value, and this indicated an augmentation in disorder at the solid/solution interface during the adsorption of Pb(ll). This
positive AS® value was attributed to the expansion of system stoichiometry that resulted from the desorption of hydrated water.>?

Selectivity and recyclability of the PVA/PAA/DMTD ENFM

In contrast to some previous studies, which have focused solely on Pb(ll) removal from environmental water, it is crucial to examine the impact
of adsorbents on other essential metal ions in liquid foods. Figure 8A shows that when the concentrations of metal ions were all 10 mg/L, the
equilibrium adsorption capacity of the PVA/PAA/DMTD ENFM for Pb(ll) reached 116.1 mg/g, a significantly greater value compared with that
of the other metal ions (Zn(ll) ions [47.3 mg/g], Ca(ll) ions [42.8 mg/g], Fe(lll) ions [22.1 mg/g], Cd(ll) ions [26.7 mg/g], K(l) ions [12.5 mg/g], and
Mg(ll) [0.9 mg/g]).

To better simulate real-world application scenarios, adsorption experiments were performed on mixed metal solutions using the PVA/
PAA/DMTD ENFM to test the ability of the materials to selectively adsorb lead ions. The adsorption efficiency for Pb(ll) was as high as
51.0% in a mixed metal cations solution, whereas the adsorption efficiency of the PVA/PAA/DMTD ENFM for other metal ions ranged
from 4.1%—7.4% (Figure 8B). By referring to other studies, we calculated the selectivity factors according to Equation 3-°%;

ol = De where D = I (Equation 3)
DM Ce
where a. is the selectivity factor, D is the distribution ratio, and the subscript M indicates a metal ion other than Pb(ll) in the mixture.

As shown in Table 5, these data indicated the excellent selectivity of the PVA/PAA/DMTD ENFM toward Pb(ll) and minimal impact on the
concentration of essential metal elements in liquid food beneficial to human health. Some adsorbents studied in the past may affect Ca(ll),”*
Zn(l1),*® and other ions while adsorbing heavy metal Pb(ll). However, the PVA/PAA/DMTD ENFM exhibited high specificity to Pb(ll) ions and
minimized the impact on other essential metal elements, demonstrating its significant practical value in maintaining the nutritional content of
liquid food.
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Figure 8. Selectivity of PVA/PAA/DMTD ENFM
Selective adsorption of Pb(ll) ions in (A) separate metal ions and (B) mixed metal ions by the PVA/PAA/DMTD ENFM. Data are represented as means + SDs, n = 3.
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Table 5. The selectivity factor values of the PVA/PAA/DMTD ENFM for Pb(ll) with respect to several other metal ions in the mixture

Metal ion Pb(Il) K(1) Mg(ll) Ca(ll) Zn(11)
Bl 15.60 - - _ _

Dy - 1.08 0.63 1.20 0.95
ol - 14.49 24.72 13.00 16.40

The reusability of the PVA/PAA/DMTD ENFM was assessed through continuous adsorption-desorption cycles, which is crucial for the
practical application potential of ENFM.>® The removal efficiency decreased from 98.9% to 98.0% after six cycles of adsorption/desorption,
corresponding to 99.1% of the initial removal efficiency for Pb(ll) ions (Figure 9). Some previous studies had reported that the removal effi-
ciency MWCNT-PEI/PAN ENFM for Pb(ll) ions dropped by approximately 17% after five cycles of adsorption and desorption.”* Compared
with these materials, the PVA/PAA/DMTD ENFM maintained its effective adsorption properties for Pb(ll) ions even after repeated use.

Adsorption mechanism

The X-ray photoelectron spectroscopy (XPS) technique was employed to further investigate the mechanism for the adsorption of Pb(ll) to
PVA/PAA/DMTD ENFM. The wide-scan XPS spectra of the PVA/PAA/DMTD ENFM before and after treatment of Pb(ll) are given in
Figures 10A and 10B, which clearly shows the existence of Pb 4f peak, demonstrating that adsorption of Pb(ll) occurred in this material.
Figures 10C and 10D show the S2p spectra before and after Pb(ll) adsorption on the PVA/PAA/DMTD ENFM. The S2p peaks were slightly
shifted after Pb(ll) adsorption on the fibrous membrane, and the binding energies increased from 169.81, 168.60, 163.98, and 161.98 eV to
169.88, 168.64, 164.26, and 162.13 eV, respectively, which indicated that the S in the DMTD on the surface of the ENFM was involved in
the adsorption process of Pb(ll) ions. The N1s and O1s spectra of PVA/PAA/DMTD ENFM before and after treatment of Pb(ll) are shown
in Figures 10E-10H, which show that the = N- in N1s also shifted to low binding energy after adsorption, indicating that = N- of the
DMTD also participated in the adsorption. The removal mechanism can be attributed to strong coordination interaction between multiple
adsorption sites and Pb(ll) in which the synergism of sulfur- and nitrogen-containing functional groups in the DMTD played an important
role in the removal of Pb(ll).

Practical application of the PVA/PAA/DMTD ENFM in non-alcoholic beverages and liquor

Spring water was spiked with Pb(ll) ions at concentrations of 0, 5, 10, 50, 100, and 500 pg/L. Following a 3-h adsorption process using the PVA/
PAA/DMTD ENFM, the concentrations of Pb(ll) ions in the samples were quantified using ICP-MS after preprocessing. In the original spring
water, the concentration of Pb(ll) was approximately 1.72 + 0.57 pg/L. When the Pb(ll) ions were not artificially added, the PVA/PAA/DMTD
ENFM slightly reduced the Pb(ll) content in it (Figure 11A). In fact, the concentration of Pb(ll) in the spring water remained below the Chinese
national standard of 10 pg/L, even with the addition of 5 ug/L lead(ll) ions. However, the adsorbent showed effective adsorption performance
in spring water, with a removal efficiency exceeding 70% across the Pb(ll) ions concentrations spanning from 5 to 500 pg/L (Figure 11B). More-
over, the use of the PVA/PAA/DMTD ENFM further reduced the concentration of Pb(ll). Additionally, Figure 12A illustrates that the adsorption

~ 100 -

N ~
< 19}
1 1

Removal efficiency(%
[\
19}

(—]
L

0 1 2 3 4 5 6
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Figure 9. Effect of the number of regeneration cycles on Pb(ll) ion adsorption by the PVA/PAA/DMTD ENFM
Data are represented as means + SDs, n = 3.
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Figure 10. The mechanism for the adsorption of Pb(ll) to PVA/PAA/DMTD ENFM
(A) Full scan survey XPS spectra of the PVA/PAA/DMTD ENFM before and after Pb(ll) adsorption; (B) XPS Pb 4f spectra of the PVA/PAA/DMTD ENFM after Pb(ll)
adsorption; (C and D) S 2p, (E and F) N 1s, and (G and H) O 1s spectra of the PVA/PAA/DMTD ENFM before and after Pb(ll) adsorption.

performance of Pb?" in spring water by the PVA/PAA/DMTD ENFM had minimal impact on the levels of Mg?*, K*, Ca®*, and Zn?*. The
removal of Pb(ll) using the PVA/PAA/DMTD ENFM was investigated in green tea drinks spiked with Pb(ll) at various concentrations of 0, 5,
10, 50, 100, and 500 pg/L. Figures 11A and 11C illustrate the removal efficiency and adsorption capacity of the PVA/PAA/DMTD ENFM for
Pb(ll) in green tea drinks. In the absence of added lead(ll), the content of Pb(ll) in the green tea drinks was approximately 21.99 +
3.62 pg/L. When extra Pb(ll) ions were not added, the PVA/PAA/DMTD ENFM reduced approximately 50% of the Pb(ll) content. In green
tea beverages contaminated with simulated Pb(ll) at concentrations of 5, 10, 50, 100, and 500 pg/L, the use of the PVA/PAA/DMTD ENFM
demonstrated substantial removal of Pb(ll), with removal efficiencies ranging from approximately 50%-80%. Despite being lower than the
Chinese national standard of 300 pg/L, the content of Pb(ll) was further reduced. The levels of TPP, as well as I\/IgZ*, K* Ca?*, and Zn** in
the beverage, were examined before and after adsorption. Figure 12B illustrates that the PVA/PAA/DMTD ENFM had minimal impact on
the Pb(ll) adsorption process in green tea drinks.

Baijiu samples were spiked with Pb(ll) at concentrations of 0, 5, 10, 50, 100, and 500 pg/L to evaluate the efficacy of the PVA/PAA/DMTD
ENFM for Pb(ll) removal. Without the addition of lead(ll), the level of Pb(ll) in Baijiu was approximately 1.21 + 0.027 ug/L. Figure 11A illustrates
that the PVA/PAA/DMTD ENFM was capable of effectively reducing the content of lead(ll) ions in Baijiu, even in the absence of additional
lead(ll) ions. Figure 11D shows the simulated contamination of Baijiu with Pb(ll) at concentrations of 5, 10, 50, 100, and 500 pg/L, and the appli-
cation of the PVA/PAA/DMTD ENFM exhibited notable efficiency in removing Pb(ll), with removal efficiencies ranging from approximately
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Figure 11. Practical application of the PVA/PAA/DMTD ENFM
(A) Adsorption performance of the PVA/PAA/DMTD ENFM for Pb(ll) in different liquid foods without adding Pb(ll) ions and in (B) spring water, (C) green tea
drinks, and (D) Baijiu when different concentrations of Pb(ll) ions were added. Data are represented as means + SDs, n = 3.

40%-80%. Moreover, the addition of 5, 10, 50, and 100 pg/L of Pb(ll) to the Baijiu resulted in Pb(ll) concentrations well below the Chinese
national standard of 500 pg/L, demonstrating the ability of the PVA/PAA/DMTD ENFM to effectively lower the Pb(ll) content in Baijiu,
even when initial levels were already below the standard. Additionally, as shown in Figure 12C, the PVA/PAA/DMTD ENFM exhibited favor-
able selectivity toward Pb(ll) in Baijiu, and the levels of K*, Ca?t, Mgz+, and Zn%* remained largely unaltered when the Pb(ll) ions were
removed.

Overall, the PVA/PAA/DMTD ENFM effectively reduced Pb(ll) ions in some liquid foods with little impact on the content of beneficial metal
ions, which proved the feasibility of its practical application. Nevertheless, the findings indicated that the removal efficiency of Pb(ll) ions in
actual liquid foods was marginally lower compared with aqueous solutions in the batch adsorption experiments. This decline probably was
explained by the existence of other ions in the actual liquid food samples that may be in competition with Pb(ll) for active adsorption sites.”
Additionally, organic compounds, such as tea polyphenols, pigments, esters, polysaccharides, alcohols, and organic acids, are found in liquid
foods. These substances have the potential to affect the functional groups present on the adsorption materials, potentially causing the occu-
pation of adsorption sites on the PVA/PAA/DMTD ENFM.™ This could also explain why we observed that the PVA/PAA/DMTD ENFM did not
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Figure 12. Interference of PVA/PAA/DMTD ENFM on beneficial components of liquid foods

Concentration of TPP, M92+, K*, Ca®*, and Zn?* in (A) spring water, (B) green tea drinks, and (C) Baijiu before and after adsorption of Pb(ll) ions by the PVA/PAA/
DMTD ENFM. Data are represented as means + SDs, n = 3.
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remove Pb(ll) as effectively in green tea drinks and Baijiu as it did in spring water. Although the removability of Pb(ll) ions by the PVA/PAA/
DMTD ENFM in real liquid food was somewhat affected, it still demonstrated a good adsorption capacity. The PVA/PAA/DMTD ENFM ex-
hibited excellent selectivity for Pb(ll) ions while having minimal impact on other beneficial ingredients. Furthermore, the PVA/PAA/DMTD
ENFM effectively removed Pb(ll) ions directly from actual liquid food products, even when the amount was within the limits specified by na-
tional standards. Consequently, it holds promise as a prospective adsorbent for the effective elimination of Pb(ll) ions from water and liquid
foods.

Conclusion
In summary, we successfully constructed an electrospun fibrous membrane (PVA/PAA/DMTD ENFM) that demonstrates efficiency and selec-
tivity in removing Pb(ll) ions. The inclusion of DMTD molecules significantly enhanced the adsorption ability for Pb(ll) ions. The PVA/PAA/
DMTD ENFM attained an equilibrium adsorption capacity of 138.3 mg/g, compared with approximately 21.1 mg/g for the PVA/PAA
ENFM. The PVA/PAA/DMTD ENFM demonstrated a remarkable removal efficiency exceeding 98% for Pb(ll) ions. Even after six adsorp-
tion/desorption cycles, the removal efficiency for lead(ll) ions persisted at 99.1% of the initial amount. The capacity for multiple cycles of reuse
without substantial loss suggests the practicality and cost-effectiveness of these materials. When exposed to mixed metal ion solutions, the
adsorption efficiencies of the PVA/PAA/DMTD ENFM toward K*, Ca?*, Mg?*, and Zn?* were only in the range of 4.1%-7.4%. These results
suggest that the adsorbent has minimal impact on essential metal elements that are beneficial to human health that are present in liquid foods.
Remarkably, the PVA/PAA/DMTD ENFM demonstrated successful application in removing Pb(ll) ions from bottled beverages, including
spring water, green tea drinks, and Baijiu. When these liquid foods contained low concentrations of lead(ll) ions (5—500 pg/L), employing the
PVA/PAA/DMTD ENFM resulted in the removal of over 40% of the Pb(ll), with a particularly high removal efficiency observed in spring water
(70%-90%). Therefore, this adsorbent exhibits considerable potential for removing Pb(ll) ions, a harmful heavy metal, from liquid food
products.

Limitations of the study

In this study, PVA/PAA/DMTD ENFM was prepared, which provides a new strategy for the development of adsorbents for heavy metal Pb(ll) in
liquid foods. However, this study also has limitations. The stability of the adsorbent in liquid foods with complex matrices has yet to be
confirmed. In addition, the PVA/PAA/DMTD ENFM can only be used for the removal of Pb(ll) ions from liquid foods, and in the future it
will be necessary to develop materials for the rapid removal of heavy metals from a wider range of solid foods.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Poly(acrylic) acid Macklin Cat#9003-01-4
poly(vinyl) alcohol Macklin Cat#9002-89-5
2,5-dimercapto-1,3,4-thiadiazole Macklin Cat#1072-71-5
Cd(NO3),-4H,0 Aladdin Cat#10022-68-1
KCI Aladdin Cat# 7447-40-7
Zn(NO3),-6H,0 Aladdin Cat# 10196-18-6
Mg(NOs3),-6H,0 Aladdin Cat#13446-18-9
Fe(NO3)s-9H,0 Aladdin Cat# 7782-61-8
Ca(NO3),-4H,0 Aladdin Cat# 13477-34-4
Pb(NO3), Aladdin Cat#10099-74-8
Multi-metal standard solution o2si Cat#1023079-8

Nitric acid

Acros Organics

Cat#7697-37-2

Other

Fourier Transform Infrared Spectrometer
Scanning electron microscope
Thermogravimetric Analyzer

X-ray photoelectron spectroscopy

Inductively Coupled Plasma Mass Spectrometer

microwave high-pressure reactor

Thermo Scientific
Hitachi
NETZSCH
Thermo Scientific
Thermo Scientific

Milestone

Nicolet Nexus 670
S-4800

TG209F1 Libra
ESCALab250
iCAP RQ
UltraClave

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Qing Wang(wangg27@mail .sysu.

edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Chemicals and materials

Except for the metal standard solutions, all chemicals were of analytical grade. Poly(acrylic) acid (PAA, M,,= 2,000), poly(vinyl) alcohol (PVA,
87—89 mol% hydrolyzed), and 2,5-dimercapto-1,3,4-thiadiazole (DMTD) were purchased from Macklin (Shanghai, China). Cd(NO3),-4H,0,
KCl, Zn(NO3),-6H,0, Mg(NOs),-6H,0, Fe(NO3)3-9H,0, and Ca(NOs),-4H,0 were purchased from Aladdin (Shanghai, China). Fe3*, K*,
Ca?*,Mg®*, and Zn?* standard solutions (1000 mg/L, 5% HNOs) were purchased from 02si (Charleston, SC, USA). The Cd** and Pb?* standard
solutions (1000 mg/L, 5% HNO3) were purchased from Accustandard (New Haven, CT, USA). Nitric acid (68—70% solution in water) was pur-
chased from Acros Organics (Waltham, MA, USA). Ultrapure water (18.2 MQ-cm resistivity, Millipore) was utilized throughout all of the exper-

iments. Spring water, green tea drinks, and liquor (Baijiu) were purchased in the supermarket (Guangzhou, China).
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Preparation of the electrospun nanofibrous membrane (ENFM)

According to a previous study,”* separate aqueoussolutions of PVA and PAA were prepared with concentrations of 10 wt.%. DMTD powders
were added to the PVA and PAA mixed solutions, and the PVA, PAA, and DMTD mixed solution was obtained after one hour of stirring. The
ENFM was made using the horizontally placed electrospinning setup. We spread a layer of aluminum foil on a rotating mandrel and adjusted
the distance from the needle tip to the rotating mandrel to 10 cm. The mixed solution was filled into a 10-mL disposable syringe with a 10-mL
capacity, and a blunt stainless steel needle was fitted to the syringe. The loaded syringe was mounted on a horizontal syringe pump running at
0.5 mL/h, while a positive voltage of 17 kV was impressed on the syringe tip. After the fibers were collected from the mandrel and separated
from the aluminum foil, they were dried in an oven at 60°C for 12 hours, followed by crosslinking at 140°C for two hours.

Adsorption experiments in an aqueous solution

The fibrous membranes were cut into sizes of 2X 2 cm? with masses of approximately 2 mg each. The fibrous membranes were introduced into
30-mL solutions with varying concentrations of Pb(ll) ions. The pH value was adjusted using either a 0.05 mol/L HNOj3 solution or a 0.05 mol/L
NaOH aqueous solution. The adsorption behavior of the PVA/PAA/DMTD ENFM towards Pb(ll) ions was examined in an aqueous solution
with pH values of 2, 3, 4, 5, 6, 7, and 8, adsorption times of 0, 15, 30, 60, 120, 180, 240, 300, and 360 min, various initial Pb(ll) concentrations of
0.01,0.1, 1,10, 30, 60, and 100 mg/L, and temperatures of 298, 308, 318, and 328 K, separately. Additionally, while investigating the adsorption
kinetics, a fixed concentration of Pb(ll) at 1 mg/L was maintained during the initial adsorption. Except for the isotherm study, the contact time
for all adsorption experiments was set at three hours to confirm the adsorption equilibrium was fully achieved. To investigate the selective
adsorption ability of the PVA/PAA/DMTD ENFM to Pb(ll), the adsorption experiments were conducted using solutions containing Pb?*,
Fe3t, Cd?", K", Ca®t, M92+, and Zn®" ions at concentrations of 10 mg/L each. Additionally, selective adsorption experiments were conducted
in a mixed aqueous solution containing 1 mg/L of Pb?* and 10 mg/L each of K*, Ca®*, Mg®*, and Zn?* to evaluate the selectivity of the PVA/
PAA/DMTD ENFM towards Pb(ll) in the co-existence of higher concentrations of other competing metal cations. To assess the reusability of
the PVA/PAA/DMTD ENFM, the adsorption experiment was conducted in a 1 mg/L Pb(ll) aqueous solution. Subsequently, desorption was
performed using 0.1M NaOH for one hour to eliminate the Pb(ll) ions adsorbed on the PVA/PAA/DMTD ENFM. The concentrations of Pb(ll)
ions in the solution, both prior to and following adsorption, were assessed through the application of Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS). The removal efficiencies (R,%) for Pb(ll) ions in the solutions were determined using Equation 4:

R(%) = (co — ce)/cox 100 (Equation 4)
where ¢y (mg- L represents the initial concentration of Pb(ll) ions, and ¢, (mg-L’1) represents the Pb(ll) ions concentrations in solution after

reaching adsorption equilibrium.
Additionally, the adsorption capacity of the fiber membranes for Pb(ll) ions was calculated using Equations 5 and 6, as follows:

g = (co—c)/mxV (Equation 5)

e = (0 — c)/mxV (Equation 6)

where g, (mg-g™") represents the adsorption capacity at time t (min); g (mg-g™") signifies the equilibrium adsorption capacity; V (L) refers to
the volume of Pb(ll) ions solution; and m (g) represents the mass of added fiber membrane. Additionally, co (mg~L’1), Ct (mg~L’1), and ¢,
(mg~L’1) symbolize the concentrations of Pb(ll) ions at the initial, t (min), and after the adsorption equilibrium, respectively.

Practical application

Pb(ll) ions with various designed concentrations were introduced into bottled beverages, such as spring water, green tea drinks, and liquor
(Baijiu in China), to investigate the adsorption capacity of the PVA/PAA/DMTD ENFM for removing Pb(ll) ions in liquid food. Following mi-
crowave digestion, the residual solution concentrations of Pb(ll) and other metal ions before and after reaching adsorption equilibrium were
analyzed using ICP-MS. Upon the absorption of Pb(Il) ions in green tea drinks, tea polyphenol (TPP) contents in the beverages were deter-
mined using a standard method established by the Chinese authorities.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments in the adsorption kinetics, isothermal and thermodynamic studies were repeated three times and averaged for model fitting.
The coefficients of determination (R?) were used to determine the fitting effect. All other experiments were repeated three times and data are
represented as means + SDs.

16 iScience 27, 108737, January 19, 2024



	ISCI108737_proof_v27i1.pdf
	PVA/PAA/DMTD electrospun nanofibrous membrane for the selective adsorption of Pb(II) ions in liquid foods
	Introduction
	Results and discussion
	Characterization
	Effect of the DMTD concentration and the rotational speed of the collector during preparation
	Effect of the aqueous pH value, adsorption time, and initial concentration value on the Pb(II) adsorption
	Adsorption kinetics
	Isothermal studies
	Effect of temperature and thermodynamic study
	Selectivity and recyclability of the PVA/PAA/DMTD ENFM
	Adsorption mechanism
	Practical application of the PVA/PAA/DMTD ENFM in non-alcoholic beverages and liquor
	Conclusion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Chemicals and materials
	Preparation of the electrospun nanofibrous membrane (ENFM)
	Adsorption experiments in an aqueous solution
	Practical application

	Quantification and statistical analysis




