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ARTICLE INFO ABSTRACT

Adsorption is a surface process. By evolution, nature has created design principles such as scaffolds that allow to
carrying surface bound agents at high density. We used a nanofibrous pullulan/poly(vinyl alcohol)/poly(acrylic
acid) (Pul/PVA/PAA) support to carry surface active PAMAM dendrimer similar to spores attached to mushroom
gills. A monolayer of ceria (CeO,) nanoparticles served as the linker between PAMAM and the nanofiber. The
nanocomposite was a highly effective Cr(VI) adsorbent and the maximum adsorption capacity
Qmax = 847 mgg ™! is the highest reported value for the same kind of materials so far. The materials was
characterized by scanning electron microscopy (SEM), thermogravimetric analysis (TGA), Fourier transform-
infrared spectroscopy (FTIR), zeta potential and multipoint BET method to measure the specific surface area.
Removal of Cr(VI) from aqueous media was tested under different batch and fixed bed column operation con-
ditions such as pH, temperature and competing ions. Thermodynamic properties were determined based on a
modified Langmuir adsorption isotherm and the adsorption kinetic was investigated. Positive entropy of ad-
sorption and an endothermic adsorption process was found, while the rate-limiting step was pseudo second order
which is associated with a chemisorption process. The nanocomposite was reusable and up to 95% of the ad-
sorbed Cr(IV) ions were recovered by alkyne washing.
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1. Introduction

Nowadays, detoxification of various pollutants from wastewaters is
a challenging issue in water treatment and environmental protection
processes. Presence of heavy metals and hexavalent chromium in par-
ticular is one of the most important issues. Therefore they are an ex-
tensively studied target pollutant [1]. The widespread use of Cr(VI) in
various industries such as metallurgy (steel, ferro and nonferrous al-
loys), chemistry (pigments, electroplating, tanning and other) and re-
fractories (chrome and chrome- magnesite) [2,3], gives the chromium
removal process a big priority in water treatment. According to pre-
vious studies using different removal methods, adsorption is still the
best and most popular method due to being cheap, easily controlled,
and highly efficient [4,5].

Recently, different investigations introduced nano-sized metal
oxides such as iron oxide, manganese oxides, aluminium oxides, tita-
nium oxides, and cerium oxides as promising adsorbents for the
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removal process of heavy metals from aqueous systems [6-9]. The most
important reason of using nano-structured metal oxides is their large
specific surface area [10]. Many studies showed that nano-sized metal
oxides are favorable adsorbents for heavy metals due to their high ca-
pacity and selectivity [6,11]. However, reducing the size of metal
oxides to nanometer increases the surface energy which leads to a very
poor stability and very high agglomeration tendency in the presence of
van der Waals forces or other electrostatic interactions [12]. Since ag-
glomeration has a great negative effect on adsorption capacity, finding
an efficient support for stabilizing of nanoparticles is very important.
Electrospun nanofibers are promising and widely used materials in a
vast variety of fields such as water treatment - in particular the heavy
metal removal processes - due to a high surface area and their porous
structure [4,13-23]. Using electrospun nanofibers as a support for na-
noparticles could result in providing a nanocomposite with advantages
of both materials. Recently, this approach has been investigated using
different polymers for nanofiber synthesis as well as different
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nanoparticles [4,24,25]. Such combined materials do not only provide
an efficient adsorbent for the heavy metal removal process, but the
separation of the adsorbent from the filtrate is easy and convenient
without the necessity of using any further method.

Organic functional groups such as amines show favorable interac-
tions with heavy metals due to their ability to coordinate ions
[9,24,26-32]. In this work, we were able to modify the surface of na-
noparticles attached to a nanofibrous support with the help of highly
branched polyamidoamine (PAMAM) dendrimer macromolecules. For
this purpose, environmentally friendly nanofibers were produced by
electrospinning using a mixture of pullulan, polyvinyl alcohol, and poly
acrylic acid. The nanofibers were coated with cerium oxide nano-
particles followed by surface modification with the dendrimer. The
nanocomposite provided a high amount of amine groups and conse-
quently it was a super active adsorbent for Cr(VI) removal.

2. Experimental
2.1. Materials

Cerium (IV) oxide (CeO,-NPs) (nano powder, < 25nm), (3-glyci-
dyloxypropyl) trimethoxysilane (> 98%) (GPTMS), PAMAM dendrimer
with ethylene diamine core, generation 3.0 solution (20 wt% in me-
thanol), poly(vinyl alcohol) (PVA, Mw = 89,000-98,000 Da,
DH = 99%), poly(acrylic acid) sodium salt (PAA, Mw = 5100), NaOH
(sodium hydroxide), HCl (hydrochloric acid, ACS reagent 37%), 1,5-
diphenylcarbazide (ACS reagent), sulfuric acid (95-98 %), NaNO;
(sodium nitrate), KH>PO, (potassium hydrogen phosphate), Na,SO4
(sodium sulfate), and K,Cr,0; (potassium dichromate, ACS reagent, >
99%) were bought from Sigma Aldrich, Germany. Pullulan (food grade)
(Pul) was provided by Hayashibara Co. Ltd., Japan. Scheme la and b
show the structure of the polymers and the dendrimer.

2.2. Preparation of electrospun nanofibers (NF)

Electrospinning solution was prepared by dissolving 14.5% mass
fraction of Pul/PVA/PAA (ratio 2:3:2) in distilled water. The nanofibers
were electrospun using a Nanospider™ NS lab 500 (Elmarco s.r.o.,
Czech Republic). A high voltage of 78 kV was used on the system with a
cylindrical electrode and backing paper as collector. The distance be-
tween electrode and collector was 19 cm. Temperature and humidity
during electrospinning was 27 + 3°C and 26 * 4% respectively re-
sulting in uniform nanofiber production. Nanofiber mats were then
thermally crosslinked at 180 °C for 15 min in air to become water in-
soluble [16-19].

2.3. Preparation of ceria coated nanofibers (CeO2/NF)

Cerium oxide (Ceria) suspension was prepared by sonication of
Ce0,-NPs in deionized water (2 g 1!) for 3 min followed by dipping the
neat nanofiber mats in it for 30 s (5 g nanofibers in 11 suspension). The
coated nanofibers were rinsed three times with deionized water and
dried at 50 °C for 2h. The optimum conditions were identified using
different concentrations and treatment time and nicely covered nano-
fibers without any agglomeration of nanoparticles were obtained based
on SEM images.

2.4. Synthesis of dendrimer/ceria nanocomposite with nanofibrous support
(D/CeO2/NF)

About 350mg CeO,/NF were stirred in 100ml of ethanol for
20 min, followed by addition of 100pul of GPTMS to the solution.
GPTMS as a reactive silane coupling agent was used due to its capacity
for making stable chemical bonds between inorganic (cerium oxide)
and organic (dendrimer) materials [26,33-35]. The solution was stirred
for 5h at room temperature and the nanofibers were washed 3 times
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using ethanol and deionized water for removing unreacted GPTMS.
Approximately 350 mg of surface treated nanofibers were stirred in a
mixture containing 100 ml ethanol and 30 pl of dendrimer for 24 h at
45°C. The chemically modified nanofibers were collected, washed 5
times with ethanol and deionized water and air dried. Scheme 1b is
illustrating the synthetic procedure indicating that the chemically
modified nanocomposite has high amount of active amine groups on
the surface.

2.5. Preparation of dendrimer treated ceria nanoparticles (D/CeOy)

Dendrimer treatment was also done for ceria nanoparticles to
compare their adsorption efficiency with D/CeO,/NF. 1 g of ceria na-
noparticles were sonicated for 1 h in 100 ml of ethanol. Sonication was
continued for 5h after adding 1 ml of GPTMS to the mixture. The si-
lanized nanoparticles were removed from unreacted GPTMS by cen-
trifugation and washed three times with ethanol and water. About 1 g of
surface modified nanoparticles were dispersed in a mixture of 150 ml of
ethanol and 100 pl of PAMAM dendrimer and sonicated for 6 h at 50 °C.
The chemically modified ceria nanoparticles were collected by cen-
trifugation and dried at room temperature for one day (Scheme 1c).

2.6. Characterization

The morphology of the nanofibers was studied using a FEI Quantum
FEG250 scanning electron microscope (SEM) with an acceleration
voltage of 5kV. The samples were gold coated (Quorum QI150RS
sputter) for 30s at 20 mA to prevent the charging effect during the
measurements. The nanofiber diameter was determined manually from
SEM images as suggested by Stanger et al. [36]. Transmission Fourier
transform infrared spectroscopy (FTIR) experiments were performed at
room temperature on a Bruker Tensor 37 instrument which was
equipped with a pallet holder. For all the measurements, a pellet of the
sample mixture with dried potassium bromide in 1:60 mass ratio was
used. All spectra were collected between 400 and 4000 cm ™' with a
resolution of 4cm™?. Thermogravimetric analysis (TGA) was carried
out using a Mettler Toledo (TGA 1 STAR e System) thermal gravimetric
analyzer at a heating rate of 10 °Cmin™! in the range of 30 °C-1000 °C
under nitrogen flow. The specific surface area, aggr, of the adsorbent
was determined by nitrogen sorption at 77 K with a Quantachrome
Autosorb iQ MP instrument using the multipoint Brunauer- Emmett-
Teller (BET) method. The theoretical surface area, a.,., was calculated
from geometric models with the assumption of cylindrical infinite fibers
and spherical particles using Egs. (1) and (2),

Al (fibers) = ﬂ
T

@

Qcac (Nanoparticles) = ? @
where V and r are the volume and the radius of the fibers or nano-
particles, respectively. For the treated nanofiber samples (CeO5/NF and
D/CeO,/NF), the theoretical surface area was calculated considering
the amount of ceria and dendrimer treated ceria (D/CeO,) on the sur-
face (extracted from TGA results) with the assumption that the avail-
able surface of the nanofiber immobilized nanoparticles was half to
surface of the nanoparticle sphere. Zeta potential and size of the na-
noparticles were measured three times using dynamic light scattering
(Malvern zetasizer Nano ZS). For the nanocomposite, the MiitekTM
SZP-06 device was used to determine the electrokinetic surface poten-
tial (zeta potential) of the nanofiber surfaces [37]. The pH of the so-
lutions was adjusted using HCl and NaOH. The total amount of nitrogen
(TN) on the surface of D/CeO,/NF was balanced based on the unreacted
dendrimer used in the preparation of D/CeO,/NF (initial and final
dendrimer containing solutions). The TN in the dendrimer solutions
was determined using a Shimadzu TOC-L equipped with TNM-L
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accessory (720 °C catalytic thermal decomposition/chemiluminescence
method).

2.7. Batch adsorption experiments

A series of batch Cr(VI) adsorption experiments were carried out as
functions of Cr(VI) initial concentration (1-900 mg ™, pH (1-12) and
temperature (25 °C-85 °C). Cr(VI) solutions were prepared by dissol-
ving the corresponding amount of K,Cr,0; in deionized water. The in-
itial pH was adjusted using 0.1 mol I"* HCI or 0.1 mol I"' NaOH solu-
tions. The adsorbent amount was kept constant during the experiments
(approx. 0.16g 17 ') and the solution was stirred continuously at
300 rpm at room temperature for 8 h. Samples were taken at different
time intervals and the Cr(VI) concentration was determined using
UV-vis spectroscopy (Specord S 600, Analytik Jena, Germany) at
Amax = 540 nm with diphenylcarbazide in acidic solution according to
the standard colorimetric method used for the examination of water
and wastewater [38]. The limit of quantification (95%, f = 9) was de-
termined to be 0.60mg 1" and the sensitivity was 0.30 * 0.011mg™,
see also Fig. S1, Supporting information. The adsorption capacity of the
nanocomposite at time t was calculated according to Eq. (3):

h— %

“="0 ®)
Where y, and y, (mg 171) are the initial and time t mass concentration of
Cr(V1) in the solution, g, (mg g~ ') is the adsorption capacity at time t, m
(g) is the adsorbent dose and V (1) is the volume of the solution. The
mass concentration of saturated Cr(VI) in the bulk phase at pH 3, y, (mg
g™ 1), was determined at the respective temperatures based on the
dissolved mass of K,Cr,O, in a saturated filtrate.

To investigate the effect of other ions on adsorption, NaNOs,
KH,PO,, and Na,SO, were added as representative materials at a re-
spective concentration of 0.05mol 1! to 300ml of Cr(VI) solution
(y = 50 mg1~') and stirred for 8 h in the presence of 50 mg of D/CeOQ,/
NF and the remaining mass concentration of Cr(VI) was determined.

Regeneration experiments were conducted separately using 1 mol
It HNO;, 0.1mol I' NaOH solutions, and deionized water with
pH = 7. Afterwards, they were washed two times with deionized water
and dried at room temperature.

2.8. Continuous adsorption experiments

For continuous adsorption experiments, one to three layers of NF
and D/CeO2/NF were placed custom made fixed bed column with
15 mm diameter that was inspired by the design of industrial filter press
used for plate filters in depth filtration, see Fig. S2. The mass of active
adsorbent was 1.83 mg per layer. The feed rate was V = 2.8 ml min '
and the mass concentration of the solution was yo(Cr(VI)) = 5mgl~".
Samples were taken every minute until saturation of the adsorbent was
achieved.

2.9. Statistics

Thermodynamic and kinetic parameters are given with a 95%
confidence interval and the fit quality is expressed in terms of the
coefficient of determination (R?), the root mean square deviation
(RMSD), and the relative root mean square deviation (RRMSD), see
Supporting information and Tables S1-S3.

3. Results and discussion
3.1. Synthesis and characterization of CeO,/NF, D/CeO, and D/CeO,/NF
Dendrimer treatment of both ceria nanoparticles (CeO»-NPs) and

ceria coated nanofibers (CeO,/NF) was done as illustrated in Scheme 1.
The morphology of Pul/PVA/PAA nanofibers (NF) together with CeO,/
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NF and D/CeO,/NF was investigated by SEM images as presented in
Fig. 1. Sonication is an efficient way to introduce a layer of nano-
particles to the nanofibrous support without any agglomeration
(Fig. 1b). However, during the dendrimer treatment process partial
adhesion between the nanofibers took place (Fig. 1c) which can be
related to the high cross-linking that happened during the silanization
and dendrimer treatment process due to different active methyl groups
of GPTMS as well as to the huge amount of active amine groups of the
PAMAM dendrimer that can attach to more than one CeO,-NP surfaces
at the same time. On the other hand, swelling of the fibers due to
physical incorporation of dendrimer is significant (Figs. S3 and S4). The
modification of the nanofiber surface was also followed by FTIR,
Fig. 2a. The NF spectra exhibited absorption peaks of stretching vi-
brations at 3390cm™! (0O—H), 1720cm ™! (C=0) and 1020 cm
(C—0). Comparing D/CeO,/NF nanocomposite with NF and CeO,-NPs
with D/CeO,, it is obvious that dendrimer treatment procedure in-
troduced additional vibrations at 3270 cm™ (shoulder), 1660 cm™, and
1560 cm ™! corresponding to the free and hydrogen bonded amide
(CONH) and amine groups present in PAMAM dendrimer structure
[39]. The amount of PAMAM dendrimer on D/CeO,/NF was calculated
from the total nitrogen and found to be 599 mg g~ '. The specific BET
surface area of the nanofibers was 3.6 m>g~', Table 1. This is close to
the calculated specific surface, which was derived from simple geo-
metric models based on the nanofiber diameter (5.3 m? g‘l). Previous
studies report specific BET surface areas of other electrospun nanofibers
in a range between 0.6 and 33 m? g™ [40,41]. Covering the surface of
nanofibers with a uniform thin layer of CeO,-NPs increased the surface
area of nanocomposite up to 46% which was decreased again after
dendrimer treatment (from 5.3 m? g™ for CeO,/NF to 5.0 m? g™ for D/
CeO,/NF). The magnified images of nanofibers show a rough surface
morphology after attaching the CeO,-NP. The size of the surface CeO,-
NP clusters was determined to be 139 nm by dynamic light scattering
(DLS), which matches the observed roughness well. Interestingly, the
BET surface area of the dry particles was 45.6 m> g™*. This would give a
BET based particle diameter of 18.2 nm which is within the specifica-
tion of the supplier (< 25nm). The calculated specific surface area
based on the DLS diameter assuming a spherical model on the other
hand is too low (6.0 m* g) which indicates non-spherical particles and
agglomeration, as was also observed by DLS (Fig. S5). For the free
nanoparticles, the specific surface area is reduced by dendrimer treat-
ment from 45.6 to 38.8m?g™'. This can be related to reducing the
surface roughness of the particles as well as to a higher diameters due to
dendrimer coating [42]. The BET measurements implied no positive
effect of dendrimer treatment on the specific surface area of CeO,-NPs
and D/CeO,/NF in the dry state. In the wet state, however, most of the
nitrogen functional groups of the PAMAM dendrimer should be acces-
sible for the adsorption of Cr(VI). TGA measurements are also presented
in Fig. 2b. Untreated NF showed two main decomposition peaks related
to the decomposition of the side and main chains of the polymeric
nanofibers. However, covering nanofibers with CeO,-NPs resulted in
retarding the degradation process which is attributed to the reduced
mobility of polymeric chains that are interacting through hydroxyl
groups with the CeO,-NPs. The residue on ignition of CeO,/NF is 29.2%
which is much higher than the observed 1.46% for the NF. The differ-
ence is related to the deposited CeO,—NPs on the nanofiber surface. The
amount of cerium oxide in each sample is presented in Table 1. The
electric charge of nanocomposite as well as nanoparticles were mea-
sured in solution at different pH as illustrated in Fig. 2c. The nanofiber
with an isoelectric point (IEP) around pH = 3.5 showed a big shift to an
IEP at pH = 7.8 after dendrimer treatment due to the presence of amine
groups on the surface of D/CeO,/NF. The presence of cationic den-
drimer causes the shift in IEP of nanoparticle as well (from pH = 7 to
pH = 8.8). The same results are reported in other studies [27]. The
possibility of agglomeration was investigated by measuring the size of
the nanoparticles at different time intervals of sonication and a high
agglomeration tendency of free nanoparticles was observed as shown



S. Mousavi et al.

Journal of Environmental Chemical Engineering 7 (2019) 102817

Fig. 1. SEM images of (a) NF, (b) CeO,/NF, and (c) D/CeO,/NF.
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Fig. 2. (a) FTIR spectra, (b) TGA curves, and (c) pH dependent zeta potentials of CeO,-NPs, D/CeO,, NF, CeO,/NF, and D/CeO,/NF nanocomposites.

Table 1
Characterization of different samples.

Sample Abbreviation = Mass fraction w of CeO, (%)  Diameter Experimental aggr (m? g~ ')  Calculated aeye  qe (mg g~ ")7"
(nm) (m* g™h

Ceria nanoparticles CeO,-NPs 100 139 + 2' (18.2)" 45.6 6.0 83.8 + 5.4

Dendrimer treated CeO,-NPs D/CeO, 96.3 167 + 31 38.8 5.0 93.8 = 5.1
(21.4)

Pul/PVA/PAA nanofibers NF - 548 + 148° 3.6 5.3 6.8 + 2.1

Ceria coated nanofibers CeO,/NF 29.2 771 + 182° 5.3 6.7 101.1 = 1.5

Dendrimer treated ceria coated nanofibers D/CeO,/NF 22.7 592 + 139° 5.0 4.4 179.4 = 1.1

* Extracted from TGA results.

™ Based on DLS.

* Based on BET (spherical model, density p(CeO,) = 7.22 g cm ™ 3).
§ Based on SEM images.

# For general conditions see Fig. 3; for CeO»-NPs, CeO,/NF, and D/CeO,: equivalent mass concentration of CeO, with respect to D/CeO,/NF; for NF: y(NF) =

100mgl~*.

by the size increase with time (Fig. S5).

3.2. Batch Cr(VI) adsorption

3.2.1. Effect of supporting CeO»-NPs and dendrimer treatment

The Cr(VI) adsorption efficiency of the D/CeO,/NF nanocomposite
was investigated by its equilibrium adsorption capacity with free CeO,-
NPs, dendrimer treated nanoparticles (D/Ce0O,) and nanoparticles im-
mobilized on the nanofiber mat (CeO,/NF) as shown in Table 1. CeO,-
NPs had a Cr(VI) adsorption capacity of q(CeO,-NPs) = 83.8mgg~!
which can be due to their high surface area as reported in previous
studies [2,43-45]. Dendrimer treatment of free nanoparticles increased
the capacity of CeO,-NPs to 93.8 mg g~ ! (12% increase). However ceria
coated nanofibers (CeO,/NF) had a better adsorption capacity (q(CeO/
NF = 101.1mgg~!) due to the presence of the unbiased support (g
(NF) = 6.8 mgg~ ') which prevented agglomeration during the ad-
sorption process. Surface treatment of CeO,/NF with dendrimer finally

rendered a highly efficient adsorbent with q(D/CeO5/NF) = 179.4
mgg~! (77% increase). This significant increase was a direct con-
sequence of the immobilization of the CeO»-NPs on the nanofiber
support, which kept the surface of all immobilized CeO,-NPs accessible.
Free CeO»-NPs in contrary tended to agglomerate during dendrimer
treatment as was seen in the increased particle size of 167 nm (21%
increase) with the effect of less accessible surface.

3.2.2. Effect of solution pH

Since pH is the most important factor in determining the charge
density of the adsorbent and the heavy metal analyte in solution, it can
affect the adsorption process remarkably as shown in Fig. 3a. An acidic
environment increases the number of ammonium (-NHY) groups on the
surface of the nanocomposite which will adsorb Cr(VI) ions through
electrostatic interaction [27]. The Cr(VI) ions exist in various forms
such as HCrOj;, Cr,0%, or CrO% [46]. Their chemical speciation depends
on pH and condensation equilibria as illustrated by the following
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reactions [47,48]:

H,CrO, = H"+ HCrO; , ;=102 mol/L ()]
Cp0% + H,0=2HCr0; ,K,=10~22mol/L (5)
HCrO; = H* + CrO%,K;=10">mol/L (6)

AtpH > 7, CrO7% is the dominating species while Cr,O% is the most
stable Cr(VI) ion at lower pH. The increasing number of NHY groups at
lower pH allows more electrostatic interactions with the negatively
charged Cr(VI) ions with a positive effect on the adsorption capacity,
Fig. 3a. The adsorption capacity decreased at high pH due to a neutral
or negatively charged surface of the adsorbent. In addition, at basic
conditions, large numbers of OH™ groups are in the solution which
competes with Cr(VI) ions for the active sites [49,50]. At very acidic
pH, H,CrO, becomes the dominant Cr(VI) species. This fact explains the
lower removal capacity in a very acidic environment (pH < 2) since
there is no electrostatic attraction between H,CrO, and NHY groups.

According to different reports, most of the effluent from chromium
industries is highly acidic and a highly effective adsorbent which is
completely stable in low pH range would be a great advantage and
industrially applicable [51,52].

3.2.3. Effect of the presence of other anions

Wastewaters of different factories contain various kinds of anions
which can compete with the Cr(VI) ions in the adsorption process. Here
the competing effect of NO;~, SO4%, and H,PO,~ as representative
anions was investigated. Competing anions can reduce the Cr(VI) ad-
sorption tendency as shown in Fig. 3b. Cr(VI) adsorption capacity re-
duces in the order of NO;~ < H,PO,~ < SO42. Since the Z/r (charge/
radius) value of SO,% is bigger, the tendency of adsorption on active
sites of D/CeO,/NF is higher and less Cr(VI) will be adsorbed. On the
other hand, in basic environment, H,PO,~ will be transformed to
HPO,* and PO,* ions which have a higher charge density than NO3~
resulting in a lower adsorption capacity for Cr(VI). The same results are
reported in previous studies [27,53].

3.2.4. Effect of temperature

Fig. 3c shows an increasing adsorption capacity at higher tem-
perature, which was also observed in other studies on Cr(VI) adsorption
[4,27,54-56]. The positive temperature effect indicates a positive en-
tropy (AS.) of adsorption and it is studied in detail by the following
equilibrium isotherms.

3.3. Continuous Cr(VI) adsorption in a fixed bed column

Only a few examples of applying electrospun nanofibers as

adsorbents in fixed bed columns have been reported [54,57,58].
Technical limitations are given in the way of packing columns with
nanofibers, in wall slipping effects, and in high differential pressure.
Here we prepared fixed bed columns with thin beds comprised of one to
three layers of nanofiber mats and we investigated them for the con-
tinuous adsorption of Cr(VI). The corresponding breakthrough curves
are shown in Fig. 5. D/CeO,/NF was more effective in retaining Cr(VI)
than NF and the breakthrough point was successfully shifted to larger
flow volumes by increasing the amount of bed material. The experi-
mental data were fitted using the Thomas model [59] and equilibrium
adsorption capacities q, between 54 and 79 mg g~ ' were obtained. For
batch experiments, q, (y(Cr(VI)) = 5mg 1) was 50 + 34 mg g’l, ac-
cording to the modified Freundlich isotherm, which is discussed in the
modelling section. The corresponding Thomas rate constants kr,, were
between 0.04 and 0.071 mg™ ' min~'. Further details on the Thomas
model are given in Fig. S6 and Table S1, Supporting information. Our
data indicate that nanofiber mats such as D/CeO,/NF can indeed be
applied as stationary phase in fixed bed columns. Hardick et al. pre-
sented an operation scheme to simulate moving bed columns for con-
tinuous downstream processing using several fixed bed nanofiber based
columns [57]. However, to overcome the intrinsic limitations of high
differential pressure and stable column packing, alternative nanofiber
based materials such as nanofiber based aerogels should be considered.
We could recently demonstrate the continuous operation of such a
nanofiber aerogel based fixed bed column for dye adsorption [18].

3.4. Regeneration and reusability

As one of the most fundamental issues, the cost effectiveness of D/
CeO,/NF was investigated by evaluating the regeneration ability of the
nanocomposite. Different solutions for desorption process were used as
presented in Fig. 4a. It shows that by using basic solution, 95% of
chromium ions were desorbed which is favorable for desorption. Ac-
cording to Fig. 4b, a decrease of 12% in adsorption capacity is observed
in the first cycle which increases in the following cycles to reach 28.3%
at the fifth cycle.

Regeneration and reusability will also be crucial in cutting down the
costs of using nanofiber based composites for water remediation ap-
plications. While large scale electrospinning is technically feasible these
days [60], replacing CeO, with TiO, or silica and the dendrimer with
polyethylenimine may also be considered to reduce the costs of D/
CeO,/NF.
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Fig. 5. Breakthrough curves for Cr(VI) using NF and D/CeO,/NF, vo(Cr
(VD)) = 5mgl™ 1.

3.5. Modelling

3.5.1. Equilibrium isotherm models

Adsorption isotherm study gives an idea about the mechanism and
the relationship between the adsorbent and adsorbate at equilibrium to
estimate the maximum adsorption capacity of the adsorbent. Effect of
the Cr(VI) concentration on adsorption was investigated and the data
were analyzed using Langmuir and Freundlich models (Eqgs. (7) and (9))
as well as a modified Langmuir model, Eq. (8), [61]:

Langmuir: q, =q Kite
: e max 1 +KLYe (7)
. ) Ky,
Modified Langmuir: q,.=q,,,————————
© My 4 R — Dy ®
Freundlich: q, =prl/ n 9

Where y, (mg 171 is the equilibrium mass concentration of Cr(VI) in
solution, y, (mg 171 is the mass concentration of saturated Cr(VI), q.
(mg g~ 1) and q,,,, (mg g~ ") are the adsorption capacity at equilibrium
and the maximum adsorption capacity per mass of nanocomposite. K, (1
mg 1) and Ky (mgg! (Img)"/") are constants for the Langmuir and the
Freundlich isotherms, respectively, and n is related to the adsorption
intensity of the adsorbents [43,62]. The modified Langmuir isotherm
does explicitly account for the chemical potential of the dissolved Cr
(VD) ions in the desorption process by introducing y, and the constant
Ky, is dimensionless. This allows also the direct determination of the
thermodynamic parameters of adsorption, the Gibbs energy (AG.y),
enthalpy (AH,;) and entropy of adsorption [61].

The fitting results are shown in Table 2 and Fig. 6a. All three iso-
therms are applicable for the system but by comparing the relative root
mean square deviation (RRMSD), it was found that Langmuir and
modified Langmuir isotherm (both 3.9% < RRMSD < 12.5%) are fit-
ting better than the Freundlich model (15.4% < RRMSD =< 19.1%)
indicating monolayer adsorption of Cr(VI).

The maximum adsorption capacity of the new PAMAM based na-
nocomposite D/CeO,/NF (q,,,, = 847 mgg~ ") is compared with many
different results reported previously using similar materials, Fig. 6b. So
far, D/CeO4/NF is outmatching the Cr(VI) adsorption capacity of other
materials. The highest reported absorption capacity for a PAMAM based
material is 378 mg g~ ! [27]. Based on the number of functional groups
and assuming Cr,02 adsorption as the dominant species, the upper limit
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Table 2
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Adsorption isotherm parameters obtained from the Langmuir, modified Langmuir, and Freundlich models of Cr(VI) adsorption by D/CeO,/NF (For conditions see

Fig. 3, fitting statistics are given in Table S2).

Langmuir Modified Langmuir Freundlich
900 Gmax (mg &™) K (1 mg™) Gmax (Mg g™) Kn () vs (mg 1) ne) Ky (mgg'(mgH'"™
25 847 = 21 0.012 += 0.001 845 = 21 432 = 41 34640 2.8 + 0.4 75 = 26
45 873 + 59 0.014 + 0.004 871 + 58 930 + 230 64340 29 + 0.8 86 + 52
65 855 + 87 0.022 + 0.09 855 + 87 2400 *= 1100 117400 3.3 £ 09 114 = 59
85 866 + 99 0.029 + 0.015 866 + 99 4800 * 2400 165000 3.6 £ 1.0 144 + 65
(a (b)
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Fig. 6. Modelling of (a) adsorption isotherms (note, that the modified Langmuir isotherm is visually identical with the Langmuir isotherm) for D/CeO,/NF, and (b)
comparing maximum adsorption capacity gmax of different adsorbents from the literature [2,9,24,25,27-32,43-45,54,55,63-67] with D/CeO,/NF (this work).

Table 3

Thermodynamic parameters of Cr(VI) adsorption by D/CeO,/NF (For conditions see Fig. 3).

AH;, (kJ mol ™) AS;y (kJ mol ™' K™) AGy (kJ mol™")

25°C 45°C 65°C 85°C
37 = 10 0.17 + 0.03 -15.0 * 0.2 -181 = 0.7 -221 * 1.3 -252 * 1.6
Table 4 process, the effect of temperature on adsorption was investigated be-

Kinetic parameters for Cr(VI) adsorption by D/CeO,/NF according to pseudo
first order, pseudo second order, and intra particle diffusion model (For con-
ditions see Fig. 3, fitting statistics are given in Table S3).

Model Parameter Quantity
Experimental equilibrium capacity  ge, exp (mg g~ ") 179.4 = 1.1
Pseudo first order e, 15t (Mg g™ 167 = 8
ky (min~1) 0.032 + 0.007
Pseudo second order Ge, 2nd (Mg g 184 £ 5
ko x 1074 (g mg’1 min™) 23 = 04
-parti iffusi 1
Intra-particle diffusion ko1 (mgg-lmin"3) 19 = 2
1
kip (mgg~'min~2) 35%03
I (mgg™) 109 = 5

for the adsorption capacity of PAMAM 3.0 should be 1445mgg~".
Here, we found a PAMAM 3.0 concentration of 599 mg g~ ! for D/CeQ,/
NF. Therefore we can expect a gmax of 866 mg g’l. The difference be-
tween this hypothetical g, and the experimental q,,, = 847 mgg '
can be attributed to incomplete coverage and the supporting structure,
which is less effective in Cr(VI) adsorption, see also Table 1.

3.5.2. Thermodynamic parameters of adsorption
In order to evaluate thermodynamic parameters of the adsorption

tween 25 °C and 85 °C as shown in Fig. S7. Gibbs energy, enthalpy and
entropy of adsorption were calculated from the modified Langmuir
constant Ky, using Egs. (10) and (11).

AG,4 =-RTIn(Kyy) (10)
AS.y AH,

In(X, —ad ad

n(Kuw) === %7 an

Where R (J mol K™!) is the molar gas constant and T (K) is the absolute
temperature.

As shown in Fig. S7, the adsorption affinity of D/CeOy/NF is be-
coming higher at higher temperature which reveals a process with
positive entropy of adsorption (AS,q = 170 = 30J mol~* K?) ren-
dering the overall adsorption process spontaneous despite its en-
dothermic enthalpy of adsorption (AH,q =37 + 10kJ mol™), see
Table 3. The positive AS.4 during the adsorption process can be un-
derstood by increasing the degree of freedom of solvent cage H,O
molecules surrounding the dissolved Cr(VI) ions as well as by releasing
H>0 molecules that are bound to the adsorption sites of the ammonium
groups of the nanocomposite. Overall, the highly negative AG,4 shows
the effectiveness of D/CeO,/NF for absorbing Cr(VI) ions. Similar re-
sults are reported for other Cr(VI) adsorption processes [68].
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Fig. 7. Modelling (a) pseudo first and second order kinetics, and (b) boundary layer and intra-particle diffusion for Cr(VI) adsorption by D/CeO,/NF. For conditions

see Fig. 3.

3.5.3. Adsorption kinetics

To understand the adsorption mechanisms (chemical interaction,
mass transfer, and diffusion control), different kinetic models (pseudo-
first-order, pseudo-second-order and intra-particle diffusion) were used.
The pseudo-first-order adsorption model is given by Eq. (12):

q, = q.(1 — exp(=ki 1)) 12)

Where k; is the rate constant of pseudo first order adsorption and g,
is the Cr(VI) adsorption capacity at time t.

The linear form of the pseudo-second-order model is given by Eq.
13):

kzq 2t
q; = -

T 1+ kgt (13)

Where k, is the rate constant of pseudo second order adsorption.
The possibility of intra-particle diffusion during the adsorption
process is investigated using the intra-particle diffusion model as:

q, = ktl/z +1 (14)

Where k is the diffusion rate constant and I is a constant related to the
boundary layer thickness: the larger the value of I, the greater the
boundary layer effect will be. The “bl” and “ip” indices in Table 4 re-
present the boundary layer and intra-particle diffusion, respectively
[69]. Comparing the results presented in Fig. 7a and Table 4, the
pseudo-first-order model fits the data (RRMSD = 7.8%), but the
pseudo-second-order kinetic model can predict the experimental equi-
librium adsorption capacity better (RRMSD = 3.7%). Since with agita-
tion of the solution, migration of Cr(VI) ions to the surface of adsorbent
is fast enough, pseudo-second-order kinetic shows that the rate-con-
trolling mechanism is chemisorption with electrostatic bonds. The same
results are reported in similar studies [29,70]. To identify the diffusion
mechanism, the intra-particle diffusion model was used as presented in
Fig. 7b. It is clear that the adsorption has more than one step, involving
a very fast adsorption on the surface of the nanocomposite with its high
amount of tertiary ammonium groups followed by other slow processes
which can be referred to adsorption and diffusion into nanoparticles
and nanofibers and encapsulation of Cr(VI) ions.

4. Conclusion

In this study, a surface enriched nanocomposite of ceria covered
electrospun nanofibers with a high amount of active amine groups on
the surface was synthesized. The specific surface area was determined

by BET measurements and geometric models based on the diameter of
the nanofiber support and the ceria nanoparticles are able to predict the
order of magnitude of the specific surface area. The nanocomposite is
well suited for Cr(VI) adsorption in acidic solutions due to protonation
of the amine groups. The achieved specific adsorption capacity gmax(D/
Ce0,/NF) = 847 mg g~ is the highest value reported in similar studies
so far. The adsorption process is endothermic and pseudo-second-order
kinetic fit the kinetic data well indicating a chemical adsorption process
with electrostatic bonds between ammonium groups and Cr(VI) ions.
Since several adsorption-desorption cycles are applicable, the nano-
composite can be considered as an efficient and cost effective alter-
native adsorbent for Cr(VI) in environmental remediation.
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