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In the present work, powdered activated carbon coated by nanoparticles ZnO and nZVI was derived from
pomegranate peel extracts and finally applied for removal of cephalexin (CEX (from aqueous solutions.
This experimental research was conducted discontinuously. The effects of pH of solution, reaction time,
PPAC-nZVI and PPAC-ZnO composites dose, and initial concentration of cephalexin and composite recov-
ery on process efficiency were investigated. The removal efficiency in optimal conditions for cephalexin
with PPAC-nZVI and PPAC-ZnO (CEX = 50 mg L�1, composite dose = 1.25 g L�1, reaction time = 45 min and
pH = 5) was obtained 96.06% and 94.17%, respectively. The results of the study of isotherm and absorption
kinetics for both composites showed that the absorption process follows Langmuir isotherm and pseudo
second-order kinetics. The present study showed that the composites could be used as an effective and
bio-friendly absorbent to remove cephalexin from aqueous solutions.

� 2020 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
reserved.
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1. Introduction

In recent years, environmental problems involving the pollution
of water resources with antibiotic compounds have become a seri-
ous problem [1,2]. Antibiotics are categorized as emerging pollu-
tants and generally produced by the pharmaceutical, agriculture,
and biomanufacturing industries and discharged into the environ-
ment. About 30–90% of the given dose of antibiotics can remain as
un-metabolized form in the human or animal bodies [3,4]. This
amounts of antibiotics are excreted through urine and feces into
the receiving water as active compounds [5,6]. In other side, con-
ventional wastewater treatment processes can only remove a
range of 60–90% of some antibiotics that result in increasing bacte-
rial resistance in the environment and lead to disease if transmit-
ted to human’s body [7,8]. Cephalexin (CEX) is the first-
generation of cephalosporin that widely used for treating a variety
80

81

82

83
of infections of body system such as ear, skin, and soft tissue, skele-
tal, urinary and respiratory tract [9]. Due to the low degradability
of the antibiotics in the environments, high concentrations of
antibiotics may sometimes occur in wastewater treatment plants
and also in drinking water [10,11]. Long term exposure to antibi-
otics can cause health problems in human and pose serious threats
to the ecosystem [12,13]. Accumulated concentrations of cepha-
lexin in drinking water can result in mutagenic and carcinogenic
impacts in human body [14]. Hereupon is very pivotal and imper-
ative for the development of effective and economical techniques
for the uptake of huge flux of selected antibiotics. Several methods
such as membrane separation [15], biological technique [16], sono-
chemical process [17], electro-Fenton oxidation [18], reverse
osmosis [19] and adsorption [14] have been employed for the
removal of CEX from aqueous solution. Whereas, most of the above
mentioned methods are not suitable due to low efficiency, require
to pre-treatment, high operational cost, hazardous byproducts,
high energy requirement [20,21].

Among the mentioned methods, adsorption process is used as a
sludge-free, simple, effective, promising and available techniques
e using
.1016/j.
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for the treatment of many pollutants in water and wastewater [22].
Despite all the positive features and advantages of nanomaterials
i.e. ZnO and nZVI as ideal adsorbent, their separation after adsorp-
tion process by filtration and centrifugation is difficult and still
remain as challenge. According to the literatures, this problem
can be countered by using the support such materials as oxides,
polymers, fibers and active carbon in the adsorbent structure.
Moreover, the use of the stabilized nanomaterials in large-scale
is more cost-effective and practical for the fact that there is no
need for separating the adsorbent upon the termination of the pro-
cess [23,24]. Therefore, researches have focused on developing the
Active Carbon (AC) as support due to its high availability, low cost,
large surface area, and reusability, chemical properties of its sur-
face and large volume of its pores [25–27]. In previous literatures,
many researchers have pointed out that the adsorbent based AC
support are easily separated from the reaction media, regenerated
and reused, which generally reduce the cost and energy [28,29].

Until this part of the research, the role of ZnO, nZVI nanoparti-
cles (NPs) and AC in CEX adsorption was expressed, but there is
still an important issue that has not been addressed. In the last
decades, NPs have been widely used in water and wastewater
treatment process (1). In most cases, NPs synthesized by chemical
processes including hazardous chemicals, reducing agents, and
capping agents under controlled conditions. They are expensive
and contact with them (in the case of discharge into the environ-
ment without treatment and access to the necessary standard)
can have side effects for humans, beings and the environment.
Recently, researchers have reported green synthesis of NPs accord-
ing to the plant-based products is an appropriate and alternative
method for chemical synthesis (2–10). Plant-based green-
synthesized NPs are as active as their chemically synthesized coun-
terparts; furthermore, they can be rapidly synthesized and are
environmentally friendly. The Minerals, organic acids, phenolics,
proteins, and enzymes that are in the structure of plants (e.g., leaf
and fruit) including the many reducing, oxidizing, capping, and sta-
bilizing components, which enhance the synthesis of NPs (13).

Pomegranate is an inexpensive product that has been exten-
sively cultivated and used in Iran. This fruit is also used in culinary,
pharmaceutical and cosmetic industries in the world. The pome-
granate peel makes up more than 50% of the fruit weights, which
is discarded as garbage. Previous studies suggest that minerals
(e.g., potassium), vitamins, phenolics, flavonoids, and antioxidants
are the part of nutrient content which can be extracted from pome-
granate peel and used to synthesis of nanoparticles [30,31].

Based on the information mentioned above, in summary, this
study focused on the (i) synthesis of ZnO and nZVI nanoparticles
using pomegranate peel extract (PPE) and their characterizing by
FESEM, FTIR, EDAX and BET analysis (ii) Preparation of activated
carbon derived from pomegranate peel (PP) as support for ZnO
and nZVI NPs loading and its characterizing by FESEM, FTIR, EDAX
and BET analysis (iii) Determining the impact of effective parame-
ters i.e pH, adsorbent dose, initial concentration and contact time
on CEX removal efficiency [32] Investigating the adsorption equi-
librium and kinetic to examine adsorption behavior of CEX onto
PPAC-ZnO and PPAC-nZVI nanocomposite; and determining the
adsorption mechanism of CEX onto the PPAC-ZnO and PPAC-nZVI
nanocomposite
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2. Materials and methods

2.1. Materials

The chemicals were prepared from Merck. Co (Germany): ferric
chloride hexahydrate (Fecl3�6H2O, 97%), ferrous chloride Tetrahy-
drate (Fecl2�4H2O, 98%), methanol (CH3OH, ACS grade), sodium
Please cite this article as: Y. Rashtbari, S. Hazrati, A. Azari et al., A novel, eco-frien
pomegranate peel: Cephalexin adsorption experiments, mechanisms, isotherm
apt.2020.02.001
hydroxide (NaOH, 93%), and hydrochloric acid (HCl, 35–37%).
Cephalexin (C16H17N3O4S; MW = 347.39 g mol�1, 97%) was pur-
chased from Sina Daru, Ltd. (Tehran, Iran). The reagents were used
as received without further purification. All solutions were pre-
pared with double distilled water. CEX stock solution (1000 mg
L�1) was obtained by dissolving a specific amount of sodium salt
of cephalexin in DI water and diluted in desired concentrations.
2.2. Preparation the pomegranate peels based activated carbon (PPAC)

Pomegranate Peels (PP) were collected from Ardabil province
[33], washed several times with DI water to remove any dust
and impurities and then dried in an oven at 100 �C for 2 h. PPs was
sieved through a 60-mesh screen and then soaked in phosphoric
acid (85 wt% H3PO4) with a ratio of 1:1 (w/w) for 48 h. Afterward,
the dried materials were placed in a cylindrical steel reactor in fur-
nace (5 �C/min) at 800 �C for 2 h. After cooling, the remaining black
materials (pomegranate peel active carbon, PPAC) were rinsed sev-
eral times with DI water to reach a pH = 7. Finally, PPAC was dried
in an oven at 110 �C for 2 h and finally stored in a dry place for fur-
ther use [34].
2.3. Green synthesis of nZVI and ZnO from pomegranate peel extract

Pomegranate peel was used to synthesize of nZVI and ZnO NPs.
The extract of pomegranate was prepared by boiling of 60 g L�1

peel at 80 �C for 1 h and residual peels after precipitation were fil-
tered by a vacuum pump. Then, ZnCl2 solution (0.2 M) mixed with
pomegranate peel extract (PPE) in the ratio of 1:2. After that, mix-
ture was homogenized on ultrasonic bath (35 kHz) for 60 min. In
the next step, a dark yellow colored precipitate was appeared
when the pH of the solution was adjusted at 9 by adding diluted
NaOH. The formed precipitate which show the formation of ZnO
NPs. washed several times with ethanol and then rinsed with dou-
ble distilled water, dried at 50 �C for 12 h. After drying the
nanoparticles, it was transferred into a furnace with a temperature
of 400 �C and remained at this temperature for 2 h. After cooling
the furnace, the nanoparticles were collected and placed in nitro-
gen gas to avoid oxidation.

Also for synthesis of nZVI, a 0.1 M FeCl2�4H2O solution was pre-
pared from FeCl2�4H2O into of deionized water. 0.1 M FeCl2�4H2O
solution was then added into pomegranate peel extracts in the
ratio 2:3. Afterward, the mixture was transferred into an ultrasonic
bath and allowed to stay for 60 min. The pH value was adjusted to
6 by adding 1 M HCl. At this time, a black colored precipitate
appeared which indicates the formation of pomegranate peel zero
valent iron nanoparticles [35–39]. The formed NPs were separated
by evaporation on a hot plate surface and collected by washing
three times with deionized water and placed in nitrogen gas to
prevent oxidation. The synthesized NPs were ground and stored
for further use.
2.4. Coating ZnO and nZVI NPs on activated carbon (PPAC -ZnO and
PPAC – nZVI)

After PPAC preparation and nZVI and ZnO synthesis, 0.05 g ZnO
and nZVI were separately dissolved in 200 mL distilled water and
agitated for 15 min to obtain equal distribution. In the next step,
5 g of PPAC was added to per suspension and agitated at 500 rpm
for 10 h at room temperature (25 �C) to complete the coating pro-
cess. Then the PPAC-ZnO and PPAC-nZVI was filtered and washed
with double distilled water and placed in oven in 95 �C for 10 h
to be completely dried [40].
dly and green synthesis of PPAC-ZnO and PPAC-nZVI nanocomposite using
s and kinetics, Advanced Powder Technology, https://doi.org/10.1016/j.
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2.5. Adsorbents characterization

The samples characteristic including surface area, pore vol-
ume and pore size were determined by N2 adsorption at 77 K using
a Micromeritics (Australia) Tristar 3000 analyzer coupled. Scan-
ning electron microscopy (FE-SEM/EDX model Mira 3-XMU) was
used for observed the morphological features of PPAC-ZnO and
PPAC- nZVI. The instrument is combined with an EDX analyzer.
The crystallographic structure of samples was studied by X-ray
diffraction (XRD) at 25 �C by a Philips X-ray generator model with
a PW 3700/30 control X-ray diffraction system (Quanta chrome,
NOVA2000, USA), using Cu Ka radiation in the range of 2h = 20–
80�. The functional groups of the synthesized adsorbents were
determined by fourier transform infrared spectroscopy (FTIR,
FTS-165, BIO-RAD, USA). The samples were incorporated in KBr
pellets and the spectra were obtained in the range of 400–
4000 cm�1.
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2.6. Experiments procedure

2.6.1. Determination of point of zero charge (pHpzc)
The determination of pHpzc of the samples was carried out as

follows: initial pH a value of 50 mL of 0.1 M NaCl was applied as
an electrolyte; the pH was adjusted in range of 2–12 by adding
0.1 M NaOH and/or HCl. Then, 0.1 g of sample added into each
solution and has been shaken for 24 h under agitation at room
temperature. After mixing, the adsorbent was filtered and the final
pH of the solution (pHf) was also determined. At the final step, the
value of pHpzc of adsorbent was found from the intersection of the
curve of the initial pH and the final pH [41].
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2.6.2. Adsorption study
The experiments study was performed in batch procedure and

laboratory scale in 250 mL Erlenmeyer flask containing 100 mL of
CEX solution with initial concentration range of 10–100 mg L�1.
The effect of effective parameters, including pH (3, 5, 7, 9 and
11), adsorbent dosage (0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5 and 2 g
L�1) and contact time (5, 15, 30, 45, 60, 75, 90 and 120 min) on
removal efficiency were studied at room temperature. The solution
pH was adjusted by 0.1 M NaOH or H2SO4 for each experiment. In
the following, Pre-determined amount of absorbent was added to
each Erlenmeyer flasks and kept in an incubator at room tempera-
ture until predetermined contact time (at 250 rpm). After prede-
termined contact times, the samples were centrifuged and
filtered using a whatman paper (0.2 µm) and the residual concen-
tration of CEX was determined by an HPLC-UV, equipped with a
reverse phase column (C18 column, with an annulus of 4.6 mm
and a length of 150 mm) and methanol carrier phase (30 to 70%)
at the detection wavelength of 263 nm [42].

All experiments were performed in duplicate and average val-
ues were reported for ensuring the reliability of results. The CEX
removal efficiency (R) and the equilibrium adsorption capacity
(qe) values were determined using Eq. (1) and, Eq. (2), respectively
[33,43]:

R %ð Þ ¼ ðCo � CeÞ
Co

� �
� 100 ð1Þ
314

315

316

317

318

319

320
qe mg g�1
� � ¼ ðCo � CeÞ � V

� �
m

ð2Þ

where, C0 (mg L�1) and Ce (mg L�1) are the initial and residual con-
centration of the CEX, respectively. V (L) is the CEX solution volume
and M (g) is the weight of applied adsorbents.
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2.7. Kinetic and isotherm modeling

In this study, the kinetics of CEX adsorption onto PPAC-ZnO and
PPAC-nZVI were analyzed by using Pseudo-first order, Pseudo-
second order, Elovich and Weber-Morris Intraparticle diffusion
models. Moreover, the experimental equilibrium adsorption data
were analyzed by Freundlich, Langmuir, Redlich-Peterson, and
Temkin isotherm models (Table S1) [44–46]. The general forms
of all kinetic and isotherm models (except the Weber –Morris
Intraparticle kinetic model) were nonlinearly fitted to the experi-
mental adsorption data using OriginLab Pro (2018) software.

The adsorption isotherms were studied using initial concentra-
tion of CEX range of 10–100 mg L�1 at the optimum conditions. The
kinetics models were studied also over pre-determined time inter-
vals with at optimum conditions at 70 min.

The fitting of kinetic and isotherm models was evaluated by the
coefficient of determination (R2) and the residual root-mean
squared error (RMSE). R2 and RMSE were calculated as follow
[47,48]:

R2 ¼ 1�
Pn

n¼1ðqexp � qcalÞ2Pn
n¼1ðqcal � qcal

� Þ2
ð3Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

r Xn

n¼1

ðqexp � qcalÞ2 ð4Þ

where qcal (mg g�1) and qexp (mg g�1) are the calculated- and
experimental CEX adsorption capacities, respectively, and time t
(kinetic) and at equilibrium (isotherm), while n is the number of
data points. Higher R2 (closer to 1) and lower RMSE (closer to 0) val-
ues indicate more accurate fitting of the models.

3. Results and discussion

3.1. Characterization of synthesized adsorbent

3.1.1. FESEM analysis
The surface morphology of PPAC, PPAC-ZnO and PPAC- nZVI

were analyzed by FE-SEM and their results presented in Fig. 1. As
observed in Fig. 1(a), the surface of PPAC has a highly porous struc-
ture, resulting in a high surface area for the adsorbent. In Fig. 1(b,
c) white points on the surface of the adsorbent represent the nZVI
and ZnO nanoparticles, which have an agglomeration structure and
scattered abnormality. The size of nanoparticles was synthesized
in the range of 19 to 24 nm. EDAX analysis was used to present
the coating of nanoparticles on PPAC. As shown in Fig. 2(a), there
are not any nZVI and ZnO ions on PPAC, however as shown in
Fig. 2(b, d), nZVI and ZnO ions are coated on PPAC.

3.1.2. BET analysis
The N2 adsorption-desorption isotherms and pore size distribu-

tion of PPAC–nZVI, PPAC–ZnO and PPAC at 77� K and a pressure
range of 1–0, have been presented in Fig. S1. The results revealed
that PPAC–nZVI, PPAC–ZnO and PPAC belong to type IV isotherm
and H2 type hysteresis loop. Pore size distribution analysis
revealed that three synthesized adsorbents have mesoporous
structures according to AUPAC classification (microspores if
Dp 6 2 nm, mesopores if Dp = 2–50 nm and macropores if
DpP 50 nm). Besides, BJH analysis was applied to further confirm
the mesoporosity of PPAC–nZVI, PPAC–ZnO and PPAC. According to
Table 1, the PPAC–nZVI, PPAC–ZnO and PPAC are mesoporous with
a narrow pore size distribution centered at around 3 nm. By com-
paring Fig. S1, it can be found that the PPAC–nZVI composite have a
greater porosity than the PPAC– ZnO and PPAC. The results
obtained from analyzing the isotherm of PPAC– nZVI, PPAC– ZnO
dly and green synthesis of PPAC-ZnO and PPAC-nZVI nanocomposite using
s and kinetics, Advanced Powder Technology, https://doi.org/10.1016/j.

https://doi.org/10.1016/j.apt.2020.02.001
https://doi.org/10.1016/j.apt.2020.02.001


321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

Fig. 1. FE-SEM images for PPAC (a) PPAC–nZVI (b) PPAC–ZnO (c).
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and PPAC with BET analysis showed that the specific surface area
of the prepared PPAC–nZVI, PPAC–ZnO and PPAC are 827.66 m2

g�1, 745.65 m2 g�1 and 738.17 m2 g�1 respectively. As well as,
the PPAC– nZVI comprise a total pore volume of 0.6357 cm3 g�1

that is larger than that of the PPAC– ZnO (0.6004 cm3 g�1) and
PPAC (0.558 cm3 g�1). The results indicated that although some
of the pores of activated carbon are blocked by the presence of
NPs, the composites still has a large BET surface area and a high
pore volume for a good adsorption. Furthermore, it is notable that
the mesopore volume (Vmeso) significantly higher than micropore
volume (Vmicro) in all samples. In fact, as can be seen in Table 1,
PPAC–nZVI, PPAC–ZnO and PPAC exhibit similar mesopore volume
(Vmeso) of around 0.3 cm3 g�1.

3.1.3. FTIR analysis
As it can be seen from FTIR spectrum in Fig. 3, the site of the

majority of the bands existent in adsorbents’ structure remains
unchanged following nanoparticle loading and this signifies the
preservation of adsorbents’ structure following nanoparticle load-
ing. The adsorption peak in 900–1300 cm�1 belongs to functional
groups containing phosphorus pertinent to the adsorbent activa-
tion using phosphoric acid during the preparation process [14].
Peaks below 700 cm�1 pertain to FeAO and ZnAO bonds vibra-
tions. The presence of ZnO and nZVI nanoparticles can be proved
with the emergence of two strong adsorption bands in 598–
626 cm�1 [32,49]. The broad bands of PPAC-ZnO and PPAC-nZVI
that are related to OAH vibrations in H2O molecule appear in
3444–3427 cm�1, respectively [50]. The existence of a peak in
2921–2948 cm�1 is indicative of the effects of CAH and OAH (with
acidic origins) bonds in pomegranate skin extract on the nanopar-
ticle formation [51]. Polyphenols, as the main factor of NPs’ stabi-
lization, are seen in 3200–3500 cm�1 range [52]. Some adsorption
peaks disappear after ZnO and nZVI coating in PPAC and this causes
reduction in perturbations. These results confirm the successful
nZVI and ZnO coating in PPAC.

3.2. Effect of pH on CEX adsorption

The effect of pH on CEX removal were evaluated and the results
are shown in Fig. 4. The highest removal was evidenced in pH = 5
for both PPAC-nZVI and PPAC-ZnO with 86.73% and 81.64% effi-
ciency. The increase in pH to 11 causes reduction in removal effi-
Please cite this article as: Y. Rashtbari, S. Hazrati, A. Azari et al., A novel, eco-frien
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ciencies to 45.08% and 39.25% for PPAC-nZVI and PPAC-ZnO,
respectively. Thus, the lowest and the highest removal were docu-
mented for pH values equal to 11 and 5. The relationship between
CEX adsorption and solution pH can be influenced by composites
surface load, functional groups on carbon, chemical structure and
pKa of cephalexin. Adsorption process efficiency depends on pH
value because pH causes changes in adsorbent’s surface load. In
the present study, pHpzc values equal to 6.83 and 6.42 were
obtained for PPAC-ZnO and PPAC-nZVI, respectively. CEX possesses
an amine group in its side chain as well as a carboxyl group. CEX
features two PKa1 = 2.56 and PKa2 = 6.88 that are in anion form in
pH = 6.88 and in action form in pH values below 2.56 and they
are in molecular or charge-free forms in pH values between PKa1

and PKa2 amounts for the reason that the protons of the functional
groups are lost [13]. In basic pH values, CEX molecules are dis-
solved in their anion forms. In addition, pHpzc of the adsorbent’s
surface is surrounded by the carboxylic factors containing proton
and H+ ion and such conditions cause an increase in positive charge
of the composite surface. In pH values higher than pHpzc, the func-
tional groups on the composite surface lose proton in the presence
of OH– ions hence they will have more negative charges as a result
of which in pH values lower than pHpzc, the majority of dominant
cephalexin species feature negative charges and a little positive
charge in the solution; whereas, in this pH domain, the adsorbent’s
surface takes positive charges. So, the electrostatic attraction
between the negatively charged cephalexin molecules and positive
adsorbent surface causes an increase in the adsorption output fol-
lowing which the adsorbent’s surface will be negatively charged
due to the high concentration of OH– ions when the pH of the solu-
tion is increased upon reaching values about 11 hence the effi-
ciency of adsorption process is subsequently reduced [5,53,54]. In
the study by Ming-Sheng Miao et al. (2016) who used zero iron
nanoparticles for removing CEX antibiotics by active carbon, the
optimum CEX solution pH was set at 5.1 [14]. Zero iron nanoparti-
cles were used in a study by Hassani et al for removing CEX antibi-
otics from aqueous environments and it was shown in the results
that the increase in pH leads in reduction in CEX antibiotics
removal output [55]. Additionally, in another study, Lengoverde
et al utilized SAB15 mesopores for the removal of CEX antibiotics
from aqueous environments and the results of their study indi-
cated that the highest absorption of the antibiotic occurs in acidic
pH [56].
dly and green synthesis of PPAC-ZnO and PPAC-nZVI nanocomposite using
s and kinetics, Advanced Powder Technology, https://doi.org/10.1016/j.
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Fig. 2. EDAX spectra for PPAC (a), PPAC–nZVI (b) and PPAC–ZnO (c).

Table 1
Porous structure parameters of the three activated carbon samples.

Material SBET(m2g�1) S micro(m2g�1) Smeso(m2g�1) VTotal(cm3g�1) Vmicro(cm3g�1) Vmeso(cm3g�1) Dp

PPAC 738.17 525.53 212.64 0.558 0.2328 0.3252 3.0237
PPAC-ZnO 745.65 513.07 212.58 0.6004 0.1372 0.368 3.3097
PPAC- nZVI 827.66 596.06 231.6 0.6357 0.2689 0.3668 3.0721

*Specific surface area (SBET), Micropore specific surface area (S micro), Mesopore specific surface area (Smeso), Total pore volume (VTotal), Micropore volume (Vmicro), Mesopore
volume (Vmeso), Average pore diameter or Pore size distribution (Dp).
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3.3. Effect of adsorbent dosage on CEX adsorption

The effect of adsorbent dosage on removal of CEX is shown in
Fig. 5. In this study the adsorbent dose was varied from 0.1 to
2 g L�1 under optimum conditions resulted from the previous tests.
As seen in Fig. 5 adsorption capacity decreases (qe) remarkably
with increase in adsorbent dosage. With the increase in the adsor-
bent dosage from 0.1 to 2 g L�1, the removal efficiency of CEX was
also increased but it has little impact in higher dosages possibly
due to the aggregation of NPs and decrease in the number of avail-
able binding sites, so, 1.25 g L�1 was selected as the optimum value
Please cite this article as: Y. Rashtbari, S. Hazrati, A. Azari et al., A novel, eco-frien
pomegranate peel: Cephalexin adsorption experiments, mechanisms, isotherm
apt.2020.02.001
for further study. In study by Miao et al. for removal of CEX from
effluent by activated carbon derived from alligator weed, it was
done, the results showed that the effect of removal of CEX with
increasing dose of adsorbent increased to a certain amount and
then its amount was constant [14]. This enhancement could be
due mainly to the increase in surface area and adsorption sites
with increasing adsorbent dose [58].
dly and green synthesis of PPAC-ZnO and PPAC-nZVI nanocomposite using
s and kinetics, Advanced Powder Technology, https://doi.org/10.1016/j.
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Table 2
Adsorption kinetic of CEX onto PPAC-nZVI and PPAC-ZnO and non-linear adjustments of the kinetic models (T = 298 ± 0.5 K; 250 rpm, 5–120 min).

Initial concentration

10 mg L�1 25 mg L�1 50 mg L�1 75 mg L�1 100 mg L�1

PPAC-nZVI

Pseudo-first order
qe (mg g�1) 7.47 19.09 37.86 55.67 72.57
k1 (min�1) 0.38 0.20 0.14 0.11 0.09
h0 (mg g�1 min�1) 2.82 3.84 5.49 6.37 6.63
R2 0.990 0.985 0.978 0.983 0.984
RMSE 0.24 0.79 1.93 2.54 3.26
Pseudo-second order
qe (mg g�1) 7.68 20.23 40.75 60.76 80.42
k2 (min�1) 0.11 0.016 0.006 0.003 0.002
h0 (mg g�1 min�1) 6.80 6.76 9.28 10.45 10.61
R2 0.997 0.998 0.995 0.996 0.993
RMSE 0.13 0.26 0.93 1.27 2.19
Elovich
a (mg g�1 min�1) 1.77 � 105 243.80 92.71 56.03 37.66
b (g mg�1) 2.26 0.46 0.18 0.11 0.07
R2 0.999 0.989 0.984 0.981 0.977
RMSE 0.03 0.67 1.64 2.66 3.89

AC-ZnO
Pseudo-first order
qe (mg g�1) 7.63 18.97 37.82 55.59 71.94
k1 (min�1) 0.23 0.15 0.11 0.09 0.07
h0 (mg g�1 min�1) 1.76 2.91 4.29 4.83 5.12
R2 0.974 0.974 0.981 0.976 0.980
RMSE 0.41 1.05 1.82 3.02 3.62
Pseudo-second order
qe (mg g�1) 8.05 20.39 41.27 61.65 81.26
k2 (min�1) 0.048 0.012 0.004 0.002 0.001
h0 (mg g�1 min�1) 3.14 4.91 7.08 7.83 7.99
R2 0.994 0.995 0.995 0.990 0.988
RMSE 0.21 0.48 0.94 1.99 2.74
Elovich
a (mg g�1 min�1) 200.57 55.37 37.86 27.15 20.80
b (g mg�1) 1.26 0.38 0.16 0.09 0.06
R2 0.992 0.987 0.982 0.979 0.977
RMSE 0.23 0.73 1.77 2.79 3.85
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3.4. Effect of contact time and initial CEX concentration

The experiments for investigating the effect of contact time and
initial CEX concentration were carried out by adding 1.25 gL�1 of
the adsorbent into flasks contained the initial CEX concentration
of 10, 25, 50, 75 and 100 mg L�1. Fig. 6(a) and (b) shows the effect
of contact time ranged from 5 to 120 min and initial CEX concen-
tration on its removal by adsorbent from synthetic aqueous solu-
tions at 25 �C. The adsorption of CEX was very fast in the first
30 min and then declined slowly with time until reaching the equi-
librium. Hence, it is remarkable that the CEX reached completely
equilibrium within only 45 min. Further increase in the contact
time beyond 45 min did not enhance the adsorption efficiency
and the variation of removal efficiency remained negligible. There-
fore, this time was considered as the equilibrium and used in the
experiments. The rapid removal efficiency in the beginning can
be attributed to the higher concentration of pollutant molecules
making higher driving force and the availability of more surface
area on the adsorbent [13]. Subsequently, the CEX molecule enter
into the pores (interior surface) and a relatively slow process is due
to slow pore diffusion of the solute ions into the bulk of the adsor-
bents [59]. The results are consistent with other studies [48,60].

3.5. Adsorption kinetics

The effect of contact time on the adsorption of CEX onto PPAC-
ZnO and PPAC-NZVI was studied with various initial CEX concen-
trations (10, 25, 50, 75 and 100 mg L�1), adsorbate dose = 1.25 g
L�1 and pH = 5. As shown in Fig. 6, it is clear that the adsorption
rate of CEX was rapidly increased initially and gradually increased
Please cite this article as: Y. Rashtbari, S. Hazrati, A. Azari et al., A novel, eco-frien
pomegranate peel: Cephalexin adsorption experiments, mechanisms, isotherm
apt.2020.02.001
until equilibrium was reached. At the beginning of adsorption pro-
cess, the high concentrations of CEX molecules (as driving force) in
solution and the availability of huge vacant active sites on the
adsorbents surface resulted in significant adsorption rates. After
a given time, the decrease of CEX molecules adsorption and vacant
binding sites probably led to negligible increase in the adsorption
of CEX with time [61,62].

In order to find the best kinetic model describing the adsorption
of CEX onto PPAC-ZnO and PPAC-NZVI, the Pseudo-first order,
Pseudo-second order and Elovich kinetic models were nonlinearly
fitted to experimental data (Fig. S2). As can be seen from the
Table 2, the pseudo-first order kinetic described the experimental
data obtained at low CEX concentrations better than those of high
concentrations. This indicate that, at low initial concentrations, the
number of free sites present onto both adsorbents was significantly
greater than the number of CEX molecules adsorbed.

Overall, all kinetic models showed high R2 values and low
RMSE, indicating good fits to the experimental data. At the initial
CEX concentrations of 10 mg L�1, the Elovich model showed the
better fit, indicating that the process occurred by chemical adsorp-
tion on the energetically heterogeneous surface of both adsorbents.
At higher initial CEX concentrations, the kinetics well described by
the pseudo-second order model. This implies that the rates of CEX
adsorption onto PPAC-nZVI and PPAC-ZnO were controlled by
chemisorption.

It is well known that the values of h0 (in pseudo-first and -
second order kinetics) and a (in Elovich model) correspond to
the initial adsorption rate [63]. The higher h0 and a values, the fas-
ter the initial adsorption rate. According to the values of these
parameters which presented in Table 2, the initial adsorption rate
dly and green synthesis of PPAC-ZnO and PPAC-nZVI nanocomposite using
s and kinetics, Advanced Powder Technology, https://doi.org/10.1016/j.
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Fig. 7. Intraparticle diffusion plots for the adsorption of CEX onto PPAC-nZVI and
PPAC-ZnO.

Table 4
Parameters of isotherm models for the adsorption of CEX onto PPAC-nZVI and PPAC-
ZnO.

PPAC-nZVI PPAC-ZnO

Freudlich
kF (mg g�1) 39.49 37.38
nF 5.79 5.84
1/nF 0.17 0.17
R2 0.880 0.879
RMSE 10.64 10.06
Langmuir
qm (mg g�1) 87.18 82.60
kL (L mg�1) 0.49 0.44
R2 0.986 0.985
RMSE 2.05 1.78
Redlich-Peterson
aRP (L mg�1)�g 37.60 31.97
bRP (L g�1) 0.38 0.34
g 1.03 1.03
R2 0.987 0.987
RMSE 3.46 3.33
Temkin
bT 211.31 222.47
kT 19.15 17.84
R2 0.927 0.926
RMSE 8.38 7.86
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of CEX onto PPAC-nZVI was higher than that observed for
cephalexin/PPAC-ZnO system. Therefore, it seems that the higher
SBET of PPAC-nZVI probably provided more vacant sites, compared
to that of PPAC-ZnO, for CEX adsorption at the beginning of adsorp-
tion process.

The Intraparticle diffusion model proposed by Weber and Mor-
ris (1963) was used in order to describe how the diffusion of CEX
molecules onto PPAC-ZnO and PPAC-nZVI takes place [64]. This
model assumes that the adsorption phenomenon occurs in three
sequential stages: the external diffusion of the adsorbate through
the liquid film layer on the external surface of the sorbent, (ii)
the Intraparticle or pore diffusion of the adsorbent through the
internal surface of sorbent, and (iii) the adsorption of adsorbate
molecules on the active sites of the adsorbent surface [65].

The values of characteristic parameters in the Intraparticle dif-
fusion model, Kid and Ci, were determined through plotting qt ver-
sus t0.5 (Fig. 7) and listed in Table 3. As shown in Fig. 7, except for
the fit of 10 mg L�1 kinetic, three defined stages were observed in
Table 3
Parameters of intraparticle diffusion kinetic for the adsorption of CEX onto PPAC-ZnO and

Time First stage

Kid,1 (mg g�1 min�0.5) C1 (mg

PPAC-nZVI 10 1.85 0.66
25 5.75 3 � 10
50 7.78 1.52
75 10.92 1.35
100 13.23 1.06

PPAC-ZnO 10 1.69 0.52
25 5.22 1 � 10
50 7.29 1.07
75 9.68 1.36
100 11.80 0.85

Please cite this article as: Y. Rashtbari, S. Hazrati, A. Azari et al., A novel, eco-frien
pomegranate peel: Cephalexin adsorption experiments, mechanisms, isotherm
apt.2020.02.001
the graphs. The first sharp stage represents the instantaneous
adsorption and external diffusion of the antibiotic molecules from
solution to the outer surface of the adsorbents. The second linear
stage, which was not observed in the concentration of 10 mg L�1,
can be attributed to the penetration of CEX molecules into inter-
layer of the adsorbents where Intraparticle diffusion is rate limit-
ing. The third flat stage corresponds to the adsorption
equilibrium. From Fig. 7, it can be inferred that the lines did not
pass through the origin, indicating that the Intraparticle diffusion
was not the only rate limiting mechanism in the adsorption pro-
cess; thus, some other mechanisms like liquid film diffusion may
influence the adsorption kinetics.

The slope of the plots, Kid, characterizes the adsorption rate in
Intraparticle diffusion model. According to Table 4, the values of
Kid were in the order of Kid,1 > Kid,2 > Kid,3. Such trends indicates
that the rate of CEX adsorption was initially faster and then slowed
down, probably due to availability of more vacant adsorption sites
at the beginning of adsorption process. The intercept of the second
stage plots, C2, provides an insight into the tendency of the adsor-
bate to be adsorbed onto the adsorbent or remain in solution. As is
explicit from Table 3, the values of C2 were greater in Cephalexin/
PPAC-nZVI compared to those of Cephalexin/PPAC-ZnO system,
depicting more tendency of PPAC-nZVI surface to the CEX
molecules.
PPAC-NZVI.

Second stage Third stage

g�1) Kid,2 C2 Kid,3 C3

– – 0.10 6.73
�15 1.73 9.21 0.17 17.88

3.15 17.73 0.07 37.96
5.07 22.38 0.13 55.34
7.84 20.27 0.08 72.56
– – 0.07 7.21

�15 1.92 7.39 0.25 17.09
3.52 14.63 0.18 36.74
6.49 11.95 0.20 54.28
8.84 10.46 0.34 68.96

dly and green synthesis of PPAC-ZnO and PPAC-nZVI nanocomposite using
s and kinetics, Advanced Powder Technology, https://doi.org/10.1016/j.
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3.6. Isotherm studies

Adsorption isotherms provide valuable information for analyz-
ing and designing an adsorption process. Four common isotherm
models, i.e. Freundlich, Langmuir, Redlich-Peterson and Temkin
were applied to describe the experimental data of equilibrium
CEX adsorption onto PPAC-ZnO and PPAC-nZVI.

The Freundlich isotherm shows that the adsorption occurs on a
heterogeneous surface by multilayer adsorption, while Langmuir
isotherm describe uniform monolayer adsorption onto a surface
containing a finite number of adsorption sites [66,67]. The
Redlich-Peterson isotherm is a hybrid isotherm, in which both Fre-
Please cite this article as: Y. Rashtbari, S. Hazrati, A. Azari et al., A novel, eco-frien
pomegranate peel: Cephalexin adsorption experiments, mechanisms, isotherm
apt.2020.02.001
undlich and Langmuir features are combined. Temkin model
assumes that the adsorption heat increases linearly with the cover-
age of adsorbent [63].

The nonlinear fits of the isotherm models to the experimental
data of CEX adsorption onto PPAC-ZNO and PPAC-nZVI are pre-
sented in Fig. 8 and their parameters along with R2 and RMSE val-
ues are presented in Table 4.

The according to the R2 and RMSE values, Redlich-Peterson
model best described the experimental data of CEX adsorption
onto both adsorbents, considering its highest R2 and the low value
of RMSE. This isotherm model is applied to show the adsorption
equilibrium in a wide range of adsorbate concentrations in homo-
geneous and heterogeneous systems according to their
compatibility.

This isotherm consists of the combination of the Langmuir and
Freundlich models, which are distinguished by the exponent g. The
value of g in this model lies between 0 and 1. When the value of g
tends to 1, the isotherm behaves according to the Langmuir iso-
therm. In the other hand, for g < 1 and the values of aRP and bRP

parameters above 1, the isotherm resembles the Freundlich
approach.

Regarding the values of g, aRP and bRP parameters in Table 4, it
can be implied that the CEX adsorption onto both adsorbents
described better by the Langmuir approach than by the Freundlich
one. Therefore, the isotherm modeling implied the adsorption of
CEX onto PPACs was occurred in monolayer.

The separation factor (RL) in the Langmuir model was used to
determine if the adsorption process is irreversible (RL = 0), linear
(RL = 1), favorable (0 < RL < 1), or unfavorable (RL > 1) [68]. For the
range of applied initial CEX concentrations (10–100 mg L�1), the
RL values decreased from 0.3784 to 0.0149 for Cephalexin/PPAC-
ZnO system and from 0.0599 to 0.0015 for Cephalexin/PPAC-nZVI
system, indicating the favorability of CEX adsorption onto both
adsorbents in the concentration range studied.

The maximum monolayer adsorption capacities (qm) for PPAC-
ZnO and PPAC-nZVI were 82.60 and 87.18 mg g�1, respectively,
which are considerable compared to those reported for several
biomass-derived PPACs applied for Cephalexin adsorption
(Table S2). The isotherm study showed that CEX was more favor-
ably adsorbed onto PPAC-nZVI than that of PPAC-ZnO. Moreover,
the maximum monolayer adsorption capacity of PPAC-nZVI was
higher than that of PPAC-ZnO. Therefore, the PPAC-nZVI, probably
due to higher content of oxygen functional groups, higher specific
surface area and higher pore volume, showed better potential for
the adsorption of CEX. Moreover, the proportion of mesoporous
in PPAC-nZVI (72.01%) was higher than that of PPAC-ZnO (68.8%)
(Table 1).

3.7. Regeneration of PPAC-ZnO and PPAC-nZVI

The regeneration ability of an adsorbent is an useful factor for
evaluation of its commercial application [69]. Generally, chemical
treatments are the most common methods for the regeneration
of an exhausted adsorbent. In chemical regeneration, generally,
CEX molecules are dissolved in the eluent or removed from the
adsorbent biding sites by ion-exchange process [70]. The effect of
NaOH and HNO3 solution and the adsorption-regeneration cycle
was studied in the recovery of the PPAC-ZnO and PPAC- nZVI after
removal of CEX (Fig. 9). In the first stage, 1.25 g L�1 of PPAC-ZnO
and PPAC-nZVI were added in 50 mgL�1 of CEX solution in opti-
mum conditions and after the equilibrium time, the regeneration
was investigated. The regeneration process was carried out up to
five times. After the regeneration, the spent adsorbents for the next
regeneration stage were dried at 100 �C for 12 h. Generally, it can
be observed that the adsorption efficiency of the composite
decreases as the number of regeneration cycle increases [71,72].
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Fig. 10. Adsorption mechanism of CEX.
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The PPAC-ZnO regeneration by 0.1 M NaOH and 0.1 M HNO3 was
able to maintain an elimination efficiency of about 18.5% and
25.41% and PPAC-nZVI equaled 33.58% and 49.72%, respectively,
even after the fifth cycle. This can be justified because the high
concentration of hydroxide ions and HNO3 will compete with the
species of antibiotics (CEX) which site on the active sites. The
CEX is isolated from the active sites and the sorbent is regenerated
[73]. Thus, it can be concluded from this experiment that PPAC-
ZnO and PPAC-nZVI has high potential to be used in wastewater
treatment of CEX since it can be reused by regeneration the adsor-
bent and coupled with its ability at maintaining great removal effi-
ciency after five consecutive cycles, it may will be cost
effectiveness [74].
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3.8. Real wastewater samples

CEX removal by PPAC-nZVI and PPAC-ZnO was 69.78 and
66.32%, respectively. As it can be seen, the removal output of
PPAC-nZVI and PPAC-ZnO composites is lower in real wastewater
than in synthetic wastewater. This output reduction might be attri-
butable to a higher pH and presence of soluble organic materials in
the real samples both of which are known to influence CEX adsorp-
tion behavior [75]. Generally, these results are suggestive of the
appropriate performance of composite in CEX removal from the
real samples.
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3.9. Adsorption mechanism

Based on the FTIR spectra, and changes (minor shifts after
adsorption process) in phenolic OAH peaks, aromatic C@C bonds
and alkoxy CAO bonds can be suggested that oxygen-containing
functional groups of adsorbents, including phenolic hydroxyl
group, carboxyl and alkoxy groups, were participated in adsorption
of CEX. Thus, several possible interactions could describe the
adsorption mechanisms of CEX onto the PPAC-nZVI and PPAC-
ZnO as adsorbent. As shown in Fig. 10, three dominant mecha-
nisms are recognizable in adsorption of CEX onto the nanocompos-
ites, (i) p–p interaction between adsorbents surface and the
antibiotic (ii) electrostatic attraction between adsorbent and
adsorbate and finally (iii) hydrogen bonding interaction.
Please cite this article as: Y. Rashtbari, S. Hazrati, A. Azari et al., A novel, eco-frien
pomegranate peel: Cephalexin adsorption experiments, mechanisms, isotherm
apt.2020.02.001
Indeed, the p–p interaction is established between sp2-
hybridized domains of adsorbents and aromatic structure of CEX,
electrostatic attraction is established between negatively charged
of CEX and positive charge present on the surface of PPAC-nZVI
and PPAC-ZnO (at pH < pHpzc, the adsorbent surface has a positive
charge) and for pH values > pHpzc that adsorbents surface has a
negative charge, H-bond (hydrogen bonding) between antibiotic
and a surface carboxylate or phenolate may attribute to the
adsorption.
4. Conclusions

Pomegranate peel and H3PO4 were exposed to an ultrasonic
process to obtain PPAC-ZnO and PPAC-nZVI, and which were
applied as efficient adsorbent for removal of CEX from aqueous
solution. The surface areas of PPAC-ZnO and PPAC-nZVI were
738.17 and 827.66 m2 g�1 and the total pore volume are 0.558
and 0.6357 cm3 g�1. Adsorption studies of CEX onto PPAC-ZnO
and PPAC-nZVI indicated that the kinetic model of pseudo-
second-order and the adsorption isotherm model of Langmuir fit-
ted well to the obtained data. These models represented that the
adsorption process may occurs by chemisorption and takes place
as monolayer adsorption. The optimum conditions in the present
research were determined at pH = 5, contact time = 45 min and
adsorbent dosage = 1.25 gL�1. The maximum adsorption capacity
followed an order of PPAC–nZVI (87.18 mg g�1) > PPAC-ZnO
(82.6 mg g�1) which was corresponding to the BET results, indicat-
ing the adsorption of CEX onto the two adsorbents had a significant
relationship with the porosity of activated carbons. Moreover,
extract of pomegranate peel was an efficient candidate for the syn-
thesis of nZVI and ZnO NPs. Regeneration experiment showed
PPAC-ZnO and PPAC-nZVI were stable for CEX removal; however,
the regeneration efficiencies of PPAC– nZVI were a little higher
than those of PPAC-ZnO. This study provided an environmentally
friendly, low-cost adsorbent for the removal of CEX in wastewater.
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