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Abstract

Highly efficient removal of tetracycline antibiotic residue from aqueous solution was demonstrated by a novel, cost effec-
tive and environmentally friendly adsorbent consisting in composite polymeric beads of sodium alginate, chitosan and
polyvinyl pyrrolidone, doped with equal ratio of sulfonated graphene oxide and sulfonated titania, fabricated via simple
blending method using calcium chloride as a crosslinker. The adsorption parameters of beads amount, initial tetracycline
concentration, adsorption time and solution pH were investigated. Furthermore, adsorption time, beads amount, and the
initial tetracycline concentration were optimized using the response surface methodology model. Pseudo-second-order
kinetic equation was fitted to the adsorption process’ kinetics. It was discovered that the electrostatic attraction and hydro-
gen bonding, which primarily contribute to the noticeably enhanced adsorption ability, are the essential factors driving
the adsorption mechanism. The maximum antibiotic adsorption capacity of the nanocomposite beads reached 357 mg/g.

Keywords Sodium alginate - Upcycling plastic waste - Sulfated graphene oxide - Sulfated titanium oxide - Tetracycline
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1 Introduction

Tetracycline (TC) is a type of polycyclic compound with
antimicrobial properties. This common antibiotic ranks sec-
ond in usage and production worldwide, is widely used in
agriculture and animal husbandry and is largely present in
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soil and aquatic environment [1-5]. It has been proved that
TC causes bacteria resistance and leads to ecological dam-
age, so that its removal from soil or aquatic environment
is important for human health. Different methods including
advanced oxidation, chemical coagulation, membrane sepa-
ration, adsorption and biodegradation were used to remove
TC from aqueous solution. Among these methods, the
adsorption one was used most extensively in TC removal
from wastewater because of its high efficiency and simplic-
ity [6-8].

Recently, the use of biopolymers such as sodium alginate
(SA) for designing natural adsorbents has gained attention
due to safety and cost concerns [9, 10]. SA beads are used in
various water treatment applications [11], but this practice
has been hindered because of the weak mechanical prop-
erties and easy disintegration of the beads [9, 11, 12]. To
overcome this issue, Luo et al. used modified alginate beads
by polymers blending to fabricate multi-components matrix
that allowed enhancement of adsorbent porosity and func-
tional groups with desirable properties to remove TC from
aqueous solutions more effectively [13]. Indeed, natural
polymers are available for blending with SA such as chito-
san, which is a sustainable and environment friendly poly-
mer, in line with the green chemistry principle of modern
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science [14]. Consequently, Erdem et al. synthesized hal-
loysite nanotube-based composites from chitosan and algi-
nate biopolymers to remove TC effectively from aqueous
solutions [15].

The current trend of new adsorbents goes in the direction
of polymers blending and polymer functionalization with
the incorporation of nanomaterials in the polymer matrix to
increase the removal efficiency [16]. For example, titania
(TiO,) nanotubes have been demonstrated as an effective
photocatalyst for organic contaminates degradation [17,
18]. It has been demonstrated that photocatalytic degra-
dation of TC on TiO, surface is a promising treatment for
TC contaminated effluent [19, 20]. Furthermore, using of
sulfonated titanium oxide nanotubes (S-TiO,) is expected
to have a good adsorption affinity for antibiotics by elec-
trostatic attraction between sulfate groups of S-TiO, and
amine groups of the antibiotics. Sulfonated graphene oxide
(SGO) is a graphene functionalized with sulfonic group
that has abundant different groups containing oxygen (e.g.,
-OH,-COOH, SO;H,), with good water dispersibility [21,
22], which made it an excellent adsorbent for pharmaceu-
tical residue removal via the combination of m—n stack-
ing, electrostatic attraction and hydrogen bonds interaction
between its oxygenated functional groups and contaminates
molecules [19, 20, 23-25]. Thanks to its excellent proper-
ties, SGO has already been used as an effective adsorbent
for different organic pollutants in aqueous solutions [21,
22]. Therefore, in our study SGO was mixed with S-TiO, to
form a novel nanocomposite.

In particular, the separation and recycling of the nano-
adsorbent during the water treatment is a big challenge in
the adsorption process, which we address by incorporat-
ing the adsorbent nanomaterial in a polymeric matrix hav-
ing high adsorption properties thanks to its porosity and to
abundant functional groups on the surface. To achieve this,
we prepared and characterized SGO_STiO,@SA/CS/PVP
nanocomposites beads as an adsorbent for organic pollut-
ants. In addition, SGO was obtained from waste plastic by
recycling technology as a green option. The effectiveness
of the prepared nanocomposite for adsorption of TC anti-
biotic was investigated. In order to minimize the number
of experiments, investigate the correlations between the
response and the effective dependent variables, and ascer-
tain the ideal process operating parameters, the response
surface methodology (RSM) was employed as a statistical
design. Our goal is the final nanoengineered adsorbent to
be a viable option for a variety of industrial uses, the most
important being the secure removal of dangerous contami-
nants from the environment.
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2 Materials and methods
2.1 Materials

Sodium alginate (SA) extracted from red algae (medium
MW), chitosan (CS) with degree of acetylation 85%
(medium MW), polyvinyl pyrrolidone (PVP) with aver-
age MW 29,000 g/mol, sodium hydroxide, calcium chlo-
ride and titania titanium (IV) dioxide rutile type (powder,
TiO, <5 mm) and acetic acid 99.5% purity were bought
from sigma Aldrich.

2.2 Preparation of nanocomposite beads

SA, CS and PVP polymers were dissolved separately as fol-
lowing: 3 g of SA in deionized (DI) water at 50 °C, 0.5 g of
CS in 50 mL DI water at 50 °C with 1 mL acetic acid, 1 g of
PVP in 10 mL DI water at room temperature (RT). Then all
polymer solutions were mixed for 4 h at RT.

According to our previous studies, the synthesized
S-TiO, nanotubes [26] and SGO [21] were mixed in a 1:1
wt ratio with few drops of DI water and sonicated for 1 h to
form a homogenous nanocomposite mixture before adding
the polymers blend. Then the SGO_STiO,@SA/CS/PVP
solution was stirred for 6 h. The polymeric nanocompos-
ite mixture was injected in a plastic syringe and dropped
slowly in a solution containing 6 wt% CaCl, (6 gm in 100
mL water) which alkalined with 4 wt% NaOH (4 gm in 100
mL water). As a result the SGO_STiO,@SA/CS/PVP solu-
tion crosslinked and formed beads. The beads were left in
the crosslinking solution overnight before being repeatedly
washed with DI water and then dried at 50 °C for 6 h.

2.3 Characterization of SGO, S-TiO, and
nanocomposite beads

Some basic characterization of the prepared SGO, S-TiO,
powder and SGO STiO,@SA/CS/PVP nanocomposite
beads were conducted, including surface functional groups
analysis using Fourier-transform infrared (FTIR) spectros-
copy (Shimadzu FTIR-8400 S, Japan). The morphology of
the nanocomposite beads was characterized with scanning
electron microscopy (SEM, JEOL JSM/6360LA, Japan) and
the morphology of SGO and S-TiO, was characterized with
transmission electron microscopy (TEM, TECNAI G20,
the Netherlands). The crystallographic phases of SGO and
S-TiO, particles and SGO_STiO,@SA/ IC/PVP beads were
obtained using X-ray diffraction (XRD, Schimadzu 7000,
Japan). Zeta potential measurements were performed for
SGO, S-TiO, and SGO_STiO,@SA/CS/PVP nanocompos-
ite beads using Zetasizer Nano ZS90 Size Analyzer (Mal-
vern Panalytical, UK).
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2.4 Evaluation of antimicrobial properties of
nanocomposite beads

To assess the efficacy of the fabricated nanocomposite films,
various pathogens were used as antimicrobial models such
as Bacillus subtilis (Gram-positive bacteria), E. coli (Gram-
negative bacteria), Aspergillus fumigatus (fungus) and Can-
dida albicans (yeast). Initially, each type of microorganism
was injected into the liquid medium at 220 rpm and 37 °C
until the optical density (OD) at 600 nm grew up to 0.6. The
microbial solution was diluted at a 1:1000 vol ratio. 0.01 g
of sterilized SGO_STiO,@SA/CS/PVP nanocomposite
beads were added to 3 mL of microbial solution and kept at
220 rpm and 37 °C for 24 h. We then measured the OD and
calculated the inhibition coefficient I as follows:

) O-Dcontrol sample — ODchaLcd sample
(%) = x 100
OD('Qntr()l sample

(M

2.5 Adsorption tests

A batch equilibration method was used to conduct the
adsorption experiments. A range of TC antibiotic concen-
trations (25, 50, 75, and 100 mg/L) were used by dilution
of stock solutions containing 1 g/L of TC. The pH of the
solutions was changed using 0.1 M NaOH and 0.1 M HCI.
Using UV-visible spectroscopy, the concentrations of TC
in the solution were measured at wavelengths of 610 nm.
The adsorbed amounts were calculated using the following
equations:

_ C’g—C’tV
m

qt (2)

qe = MV (3)
m

where q, and q, (mg/g) are the mass of TC adsorbed per unit
mass of the nanocomposite film at generic time and equilib-
rium, respectively; Cy, C, and C, (mg/L) are the TC concen-
trations at initial, generic and equilibrium time, respectively.
V (L) is the volume of TC solution; m (g) is the mass of
nanocomposite film. We obtained the removal efficiency R
from this formula:

Table 1 Independent variable levels that are coded in RSM experimen-
tal design

Symbol Independent variable Coded levels

-1 0 1
A time / min 60 90 120
B initial concentration / mg/L 25 50 75
C adsorbent dose / mg 5 10 15

R(%) = COC;OC* x 100 @)

The pH was set at 6 and the adsorption period was varied
within a range of 5 to 120 min for kinetics and isotherm
studies as illustrated in Supplementary information.

2.6 Optimization of the adsorption

To optimize adsorption, we investigated the possible cor-
relation between factors and responses using RSM. The
matrix with 17 trials was selected following Box—Behnken
design [27, 28]. Three factors were used: A (time, in min),
B (initial concentration, in mg/L) and C (adsorbent dose,
in mg), and three levels described as — 1, 0, and 1, as illus-
trated in Table 1. We used the software Design-Expert
13.0.9.0 from Stat-Ease Inc. (MN, USA). The established
models were assessed statistically by analysis of variance
(ANOVA) using the F-test for determination of significance.
The R? determination coefficient can be seen as a figure of
merit describing the quality of the results [29].

2.7 Regeneration and recycling

To evaluate the ability of the nanocomposite beads to regen-
erate, 50 mg of SGO_STiO,@SA/CS/PVP nanocomposite
beads was added to conical flask contains 25 mL of 50 mg/L
of TC solution. For two hours, the solution was agitated at
150 rpm. Following adsorption, the nanocomposite beads
underwent filtration separation, 30 min of ultrasonication
with a solution containing 10 mL of 0.1 M NaOH and 100
mL of ethanol, filtering, washing, drying at 60 °C for 4 h,
and reuse. After that, the filter fluid’s concentration was
determined, and the preceding steps were carried out five
times.

3 Results and discussion

3.1 Characterization of SGO, STiO, and
nanocomposite beads

In Fig. 1a the FTIR spectra of SGO, S-TiO, and composite
beads show all the respective functional groups. The SGO _
STiO,@SA/CS/PVP beads in the top-most panel show a
broad band at 3200-3600 cm™! that refers to OH groups
of SA, CS and SGO, while the peak close to 2178 cm™!
is assigned to (C-N) bond of PVP [18] and the peak at
1580 cm™! is referred to NH, groups of CS [28]. The peak
at 1419 cm™! corresponds to COO group of SA and SGO.
The peaks around 1050 and 1150 cm™' are referred to sul-
fonic groups of SGO and S-TiO,; additionally, the peak at
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715 cm™! confirms the presence of TiO, in the beads [26].
For the S-TiO, nanotubes (middle-panel in Fig. 1a), the Ti-O
bonds appeared at 715 and 985 cm™! and the broad peak at
1850 cm™! is referred to O-H bonds as a result of moisture
adsorption on S-TiO, hydrophilic surface, while the peak
at 900 cm™! corresponds to sulfate ion coordinated to Ti*
metal cation. For SGO (bottom-most panel) the shoulders at
1284 and 1750 cm™! can be attributed to epoxy and C=0
of carboxylic acid groups [22] while the sulfonic groups are
shown at 1550 cm™!.

In Fig. 1b, all the XRD patterns of the different materials
are shown. In the bottom-most plot, SGO shows the sulfo-
nation of GO whereas a broad peak emerges at 20 position
of 26°, showing partial GO sheets restacking by n-m interac-
tions [30]. In S-TiO, (middle-panel) the typical XRD peaks
of S-TiO, and TiO, appear at 28°,36°,41° and 54°, where
incorporation of sulfate groups to TiO, just reduced the
intensity of the peaks as a result of change in rutile crystalline
phase [31]. Finally, in the polymeric nanocomposite beads
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SGO_STiO,@SA/CS/PVP (top-most panel of Fig. 1b) the
amorphous structure of polymers can be observed, where
the peaks of SGO and S-TiO, exhibit reduced intensity as a
result of the dominating amorphous polymer structure.

The TEM images in Fig. lc reveal the morphological
structure of the different nanomaterials in the composite:
in Fig. 1d a representative S-TiO, nanotube is shown, with
~12 nm diameter and ~400 nm length; on other hand, in
Fig. 1c SGO appears as a micro sheet with thickness in the
nano size scale, and the dark spots are the sulfonic func-
tional groups. In Fig. le, a typical SEM image of a poly-
meric nanocomposite bead is finally presented, exhibiting
globular, quasi-spherical shape in the micrometer size scale.

Figure 1freports the zeta potentials of the SGO_STiO,@
SA/CS/PVP nanocomposite beads. It was noted that when
pH increased from 3 to 9, the zeta potential diminished as
the beads surface was highly oxidized with many oxygen
functionalities such as sulfonic, carboxylic and hydroxyl
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groups. This behavior makes them appropriate for adsorp-
tion of organic cations in different environmental pH [32].

3.2 Antimicrobial activities

The results of the antimicrobial activity tests of SGO
STiO,@SA/CS/PVP nanocomposite are presented in Fig. 2.
After 24 h of contact between the evaluated nanocompos-
ite beads and the inoculum of E. coli, Bacillus subtilis,
Aspergillus fumigatus, and Candida albicans, the inhibi-
tion coefficient relative to the control sample was recorded.
Obviously the beads had good antibacterial and antifungal
effect, reaching inhibition levels always above 60% for all
considered strains and in particular as high as 81% for E.
Coli and even 89% for Bacillus subtilis. This score may be
ascribed to the antimicrobial properties of SGO and S-TiO,
[33-35].

3.3 Adsorption batch experiments

Since pH strongly affects the charge of the adsorbent surface
functional groups (Fig. 3a), it is important to know what
pH is best for improving the TC adsorption. The effect of
solution pH on adsorption process by the SGO STiO,@SA/
CS/PVP nanocomposite was characterized and the results
are shown in Fig. 3b. As previously mentioned and already
observed in Fig. 1f, the surface of SGO_STiO,@SA/
CS/PVP nanocomposite beads contains many negatively
charged groups, which makes it appropriate for adsorption
of organic cations. Additionally, in order to find the best pH
value during effective operation of the beads in TC removal,

we investigated the influence of solution pH on adsorption
of TC onto prepared nanocomposite beads between 2 and
9. It was observed that the removal efficiency improved
for an increase of pH between 2 and 6. Such a finding has
been compared with a model of the surface chemistry of
the beads, as shown in Fig. 3c. Actually, TC has amphoteric
characteristic [36], such that its molecules are both negative
and positive at pH between 3 and 7. However, at low pH
values, around the bead there are many hydronium ions in
competition with the cations of TC. Although an electro-
static repulsion exists at pH less than 5, removal efficiency
was comparatively high, which may be ascribed to the
hydrogen bonding and © — &t electron donor — acceptor inter-
action between the surface of SGO STiO2@SA/CS/PVP
beads and the TC molecules. This can be compared with
the FTIR results. However, in the TC molecules the func-
tional groups - hydroxyl, phenol, amine, and enone moieties
- formed hydrogen bonds with the sulfate, carboxyl and
hydroxyl functional groups on the beads. Meanwhile, by
increasing the solution pH up to 6, the hydroxyl and carbox-
ylic groups of the nanocomposite film are increasingly ion-
ized so that the electrostatic attraction between TC cations
and bead surface increases, giving rise to enhancement of
removal efficiency. Conversely, as the solution pH increases
from 7 to 9, the TC adsorption decreases because of a rise
in the electrostatic repulsion between the TC anions and the
negatively charged bead surface. Therefore, a solution pH
of 6 was selected as the best value for TC removal during
the subsequent experiments.

Next, a batch adsorption process at solution pH of 6
and operating time of 120 min was conducted to evaluate

Fig.2 Antimicrobial assessment 100
for SGO_STiO,@SA/CS/PVP
nanocomposite beads versus the
different micro-organism models
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the adsorption of SGO_STiO,@SA/CS/PVP nanocompos-
ite beads, whose results are presented in Fig. 4a. Over the
time, the adsorption capacity increased with progressively
decreasing slope, apparently achieving equilibrium after
about 100 min. This can be explained by the fact that a
balance between the adsorption and desorption of TC mol-
ecules occurs after a certain amount of time, making the
remaining empty surface sites harder to employ.

In Fig. 4b, the antimicrobial activity tests of SGO
STiO,@SA/CS/PVP nanocomposite beads after TC adsorp-
tion for solution contain 50 mg/L initial concentration of
TC for 120 min at optimized pH 6 are presented. It turned
out that the inhibition coefficient for tested microbial organ-
isms after TC adsorption is increased compared to the val-
ues tested before adsorption (Fig. 2). The inhibition growth
after adsorption followed the same order as in Fig. 2, yet
with higher scores: Bacillus subtilis (100%)>E. coli
(96%) > Aspergillus fumigatus (80%)> Candida albicans
(76%).
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3.4 Optimization of the adsorption by Box-
Behnken design analysis

By means of analysis via Box—Behnken design, the adsorp-
tion process was optimized. We selected three variables of
contact time (A), initial TC concentration (B), beads dose
(C), with a temperature of 25°C. The dependence of the
response, i.e. removal percentage Y, on these variables, was
assumed to be quadratic, as described in Eq. 5 (see also
Table S2):

Ypc =79+ 12.5A — 7B + 12.5C — 1.5AB 5
+ 3AC — 10.25A% — 3.25B* — 7.75C? ©)
For assessing the statistical significance of the model,
ANOVA was used. The quadratic model provided good
fit, as shown by the high coefficient of determination R?
(0.9827), see Table S3. It was determined that the quadratic
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Fig. 5 3D surface plots of TC removal efficiency (%) of the prepared SGO_STiO,@SA/CS/PVP nanocomposite beads

model was significant because the p value for TC removal
efficiency was less than 0.0001. After our results, the fol-
lowing conditions emerged as the best possible: contact
time 118 min, initial concentration 46 mg/L, beads 15 mg,
which allow to achieve maximum removal of TC as high as
90.5%.

The 3D graphs presented in Fig. 5 illustrate the out-
come of this analysis, and point out the interactions among

the assessed variables. Apparently, the removal efficiency
diminished with initial concentration increasing from 25 to
75 mg/L, while it raised when either the contact time or the
beads dose was increased. Moreover, according to the per-
turbation plot shown in Fig. 5d, it was observed that time,
TC initial concentration and beads dose significantly affect
the removal efficiency. In particular, an increase in initial
concentration of TC decreases the removal efficiency, while
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an increase in either beads dose or adsorption time increases
the removal efficiency.

3.5 Adsorption kinetics and isotherms

To better understand the adsorption for different initial con-
centrations of 50, 75, and 100 mg/L for TC on the prepared
SGO_STiO,@SA/CS/PVP nanocomposite beads, we set
up pseudo-second-order kinetic models of the process. The
data were fitted and the results are reported in Table 2 and
Fig. S1. We compared the adsorption capacities resulting
from the models with those ones found in the experiment.
Whereas the pseudo-first-order model did not reproduce
successfully the experimental values, the pseudo-second-
order model produced values in good agreement with the
experimental ones, with higher coefficients of determina-
tion (R?). Because the adsorption obviously followed this
pseudo-second-order model, chemisorption was the rate-
limiting phase, and the accessibility of adsorption sites on
the adsorbent surface determined the rate of adsorption
for TC. The hydrogen bonds appear to result from chemi-
cal reactions or electron exchange between amino groups
on TC and oxygenated groups on the nanocomposite beads
[37]. Furthermore, the outcomes of the adsorption process’s
linear fitting align with the intraparticle diffusion model,

Table 2 Kinetics and isotherm models for TC adsorption process onto
the prepared of SGO_STiO,@SA/CS/PVP nanocomposite beads

TC Initial concentrations (mg/L)

50 75 100
qe, exp (ME/R)* 205 295 298
Pseudo-1st order
Jercal (ME/L) 851 346 850
k, (min~") 0.065 0.022 0.051
R? 0.772 0.972 0.741
Pseudo-2nd order
de, cat (Mg/g) 246 333 357
k, (min~1) 0.004 0.003 0.0028
R? 0.911 0.943 0.944
Intraparticle diffusion
ki, 132 18.13 20.5
ki, 31.8 355 39.5
ki,s 0.1 5.7 7.9

Temperature °C

25°C 35°C 45°C
Langmuir isotherm
q,, (mg/g) 345 357 357
k; (L/mg) 0.17 0.26 0.34
R? 0.999 0.999 0.999
R, 0.05 0.04 0.03
Freundlich isotherm
Kp(mg/g) 115 145 159
1/ng 0.27 0.22 0.21
R? 0.997 0.994 0.997
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which divides the diffusion mechanism into three steps.
First, the TC molecules are transported in the bulk solution;
second, the TC charged molecules transfer into the pores
and/or intraparticle active sites of the beads by either film
diffusion of these solutes at the boundary layer or diffusion
of charged molecules from bulk solution to the external sur-
face of the beads; third, the TC charged molecules diffuse
through the tiny pores of the beads and undergo a chemical
binding reaction before reaching equilibrium.

Langmuir and Freundlich models were used at different
temperatures and initial concentrations, as summarized in
Table 2. One can see that the R? values of Langmuir model
were quite near to 1, so this model represents well the
adsorption data, which suggests that TC molecules adsorp-
tion is monolayer coverage, with a maximum q,, value of
357 mg/g appearing at high temperatures. However, the
results of the Freundlich isotherm model also showed that
the adsorption onto SGO_STiO,@SA/CS/PVP nanocom-
posite beads was favorable. In contrast, it should be consid-
ered that the quantity 1/nF, ranging from 0 to 1, represents
an indicator of surface heterogeneity that is maximized
when this value is close to zero. Consequently, we conclude
that a heterogeneous chemisorption process took place,
which is consistent with the kinetic model of intraparticle
diffusion and the finding that TC molecules mostly adsorbed
onto beads through the inner surface, which controls intra-
particle diffusion.

3.6 Adsorption-desorption tests

Five adsorption—desorption cycles were conducted to
assess the structural stability and reusability of our beads of
SGO_STiO,@SA/CS/PVP nanocomposite. Figure 6 shows
that the removal efficiency remained high even after this
repeated use, with just a negligible decline in removal coef-
ficient following each desorption stage. This is encouraging
for the potential application in large-scale industrial produc-
tion of the nanocomposite beads for actual water filtration
systems.

4 Conclusion

A novel type of nanocomposite beads for wastewater
treatment was fabricated, resulting from polymer blend-
ing of sodium alginate (SA), chitosan (CS) and polyvinyl
pyrrolidone (PVP) doped with sulfonated graphene oxide
(SGO) and sulfonated titania (S-TiO,). The prepared nano-
composite beads were tested for removal of tetracycline
(TC) antibiotic residue from aqueous solutions. Following
morphological and compositional characterization, it was
found that the mechanism of adsorption is determined by
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Fig. 6 Adsorption—desorption cycles of TC in SGO _ 90
STiO,@SA/CS/PVP nanocomposite beads of 0.01 g
amount, with 20 mg/L initial concentration, pH 6 and
25 °C temperature
85
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—
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2 80-
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the functional groups of the TC molecules interacting with
the various functional groups of the composite beads. The
biocidal action of the nanocomposite beads against differ-
ent microbial organisms was tested and the results showed
good antibacterial activities at standard concentration. We
used the response surface methodology design to find the
conditions for best removal efficiency of TC, achieving
values as high as 90.5%; the best conditions were: contact
time 118 min, initial concentration 46 mg/L, nanocompos-
ite beads 15 mg. The analysis of SGO_STiO,@SA/CS/
PVP nanocomposite beads absorbance using kinetic mod-
els allowed us to better understand the removal mechanism,
which appeared to combine electrostatic adsorption and
chemisorption by the functional groups in the beads and TC
molecules. We also demonstrated reusability, by repeating
five absorption-desorption cycles. This study shows that, to
meet the objectives of waste management and wastewater
treatment, waste-derived materials can be used based on the
“wastes-treat-wastes” approach.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10450-
024-00514-2.
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