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Abstract: The present study reports the synthesis of a
polydopamine (PDA)/nanocellulose (NC) nanocomposite
for the effective removal of chromium ions from water.
PDA was used to modify NC surface producing a nano-
composite namely PDA/NC, by in situ polymerization of
dopamine on the surface of NC. Thereafter, the as-synthe-
sized nanocomposite was characterized using familiar
techniques such as Fourier transform infrared, X-ray
diffraction, X-ray photoelectron spectroscopy, ultraviolet-
visible spectroscopy, and transmission electron micro-
scopy. All results indicated the successful combination
of PDA and NC in one nanocomposite. The PDA/NC nano-
composite was evaluated for the removal of hexavalent
Cr(VI) ions from an aqueous solution. The adsorption
conditions, such as pH, contact time, and initial Cr(VI)
concentration, were optimized. Adsorption kinetic studies
revealed that Cr(VI) removal on the surface of PDA/NC

nanocomposite followed the pseudo-second-order kinetic
model. Furthermore, isotherm studies revealed that Cr(VI)
removal followed the Langmuir isotherm model with a
maximumadsorption capacity (qm) of 210mg/g. The adsorp-
tion mechanism study indicated that the Cr(VI) removal was
reached via complexation, adsorption, and chemical reduc-
tion. The reusability of a PDA/NC nanocomposite for the
removal of Cr(VI) ions was studied up to five cycles with
acceptable results. The high adsorption capacity and mul-
tiple removal mechanisms validated the effective applic-
ability of PDA/NC nanocomposite as a useful adsorbent
for the removal of Cr(VI) ions from aqueous solution.

Keywords: nanocomposites, nanocellulose, polydopamine,
adsorption, water treatment, hexavalent chromium ions

1 Introduction

Water pollution has posed a serious threat to human
health and the environment [1–3]. The main pollutants
of water are heavy metals, inorganic and organic chemi-
cals, pesticides, and fertilizers. These pollutants mostly
come from household wastes, agriculture, and chemical
industries [4–6]. Among all pollutants, heavy metals are
the most dangerous due to their high levels in water and
inability to decompose [7,8]. Among all heavy metals,
hexavalent chromium (Cr(VI)) is the most harmful to the
environment [9,10]. Cr(VI) ions can cause genetic defects
and cancer in living organisms and humans [11,12]. There-
fore, industrial wastewater containing Cr(VI) ions must be
treated before it is released into the environment. Several
efforts have been made to remove Cr(VI) ions from aqueous
solutions using many methods, including adsorption, ion
exchange, photocatalysis, precipitation, and membrane
separation [13–16]. Among all the methods used, adsorp-
tion is the most widely used due to its high efficiency,
low cost, flexibility, and simple operation [17,18]. Sev-
eral adsorbents have been investigated for the removal
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of Cr(VI) ions, such as biomaterials, inorganic materials,
and activated carbons [19–21]. However, due to its low
capacity, its real application in the removal of Cr(VI) ions
is limited. Therefore, there is a need to develop new
adsorbents to remove Cr(VI) ions from aqueous solution
with high efficiency.

Cellulose is a natural biopolymer originating from
biomass plants, such as vines, straws, and trees, which
make it so widely distributed and used. The mentioned
sources can be used to synthesize cellulose using bio-
logical, chemical, and mechanical methods. Cellulose
synthesized in the nanoscale range is known as nanocel-
lulose (NC) [22]. NC has abundant hydroxyl groups,
excellent mechanical properties, and a high specific sur-
face area, which makes it an excellent adsorbent for
removing pollutants from water. NC has been widely
used as an adsorbent for removing toxic dyes and heavy
metals from water [23–25]. But, the application of NC for
the removal of heavy metals is limited due to its low
adsorption capacity. This limitation can be overcome by
modifying the surface of NC to increase its affinity and
capacity toward the target adsorbate ions.

Polydopamine (PDA) is a promising material used in
various applications, such as biomedical, environmental,
and energy fields, due to its ability to bind metals and
adhesion efficiency [26]. PDA is synthesized by the self-
polymerization of dopamine, which has a high content of
amine and catechol functional groups. These functional
groups enable its interaction with inorganic and organic
materials via non-covalent and covalent attachment.
Recently, the adsorption capacities toward organic and
metallic pollutants have been enhanced by modifying
different adsorbents using PDA. For instance, chitosan
hydrogel beads immobilized with silver nanoparticles
were coated with PDA for antimicrobial activities and
adsorption activity toward dyes and heavy metals [27].
Tungsten oxide@poly(vinylidene fluoride-co-hexafluor-
opropylene) electrospun nanofibers were coated with
PDA to form a membrane with oil rejection ability and
ampicillin degradation ability [28]. In addition, magnetic
graphene oxide (GO/Fe3O4) nanoparticles were coated
using PDA for the high removal efficiency of fluoroquino-
lone antibiotics, exceeding 95% [29]. In addition, MnO2-
loaded polyacrylonitrile was coated with PDA to form a
composite of MnO2/PDA/polyacrylonitrile fibers for the
effective removal of lead (Pb2+) ions [30]. Recently, PDA
has been used to modify metal-organic framework (MOF)
for the efficient removal of Pb2+ and Hg2+ heavymetals from
water samples [31]. These studies show that the PDA is an
excellent and promising modifier for various types of adsor-
bents, includingmagnetic nanoparticles, graphene, graphene

oxides, chitosan, glass, and MOF. This is attributed to its
unique chemical and physical properties, such as thermal
stability, antioxidant properties, biocompatibility, binding
ability, and adhesive properties.

In this context, the NC surface was functionalized
using PDA to synthesize the nanocomposite (PDA/NC)
that was investigated for the removal of Cr(VI) ions from
the aqueous solution. The synthesized nanocomposite
displayed high adsorption capacity, adsorption rate, and
good reusability for the removal of Cr(VI) ions from water.
The introduced adsorbent here proposes a hopeful candi-
date for efficient water treatment.

2 Materials and methods

2.1 Materials

Cotton pulp (99% cellulose content) was supplied by
Alexandria Company for General Supplies, Egypt. Tris
(hydroxymethyl)-aminomethane (Tris) was purchased from
Shanghai Sinopharm Chemical Reagent. Dopamine hydro-
chloride and potassium dichromate (K2Cr2O7) were pur-
chased from Sigma-Aldrich. Sodium hydroxide (NaOH),
sulfuric acid (H2SO4), hydrochloric acid (HCl), and aqueous
ammonium (33%) were purchased from El-Gomhouria Co.,
Egypt. All chemicals were analytical grade and used
without modification. Distilled water was used for the
preparation of all solutions.

2.2 NC synthesis

NC was synthesized according to the literature [32] with
certain modifications. A hydrolysis reaction of cotton
pulp using H2SO4 was used for the synthesis of NC.
Briefly, 2 g of cotton pulp was crushed and ground into
fine portions, followed by treatment with 2% NaOH for
12 h at room temperature. Then, the solution was filtered
and washed using distilled H2O until it reached a neutral
pH value. The resulting fine powder was dried and mixed
with 16mL of 65% H2SO4 for 40min at 40°C with contin-
uous stirring. The centrifugation at 4,000 rpm was used
to obtain the product that was washed many times with
distilled H2O until it reached a neutral pH value. After
that, ultra-sonication at 0°C for 30min at 20 kHz was
used to disperse the hydrolyzed cellulose in H2O. Finally,
the resultant NC suspension was freeze-dried to obtain
the NC powder.
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2.3 The synthesis of PDA particles

Typically, a mixed solvent of aqueous ammonia, ethanol,
and deionized water was prepared with volumes of 1.12,
112, and 252 mL, respectively. Then, 28mL of deionized
water was used to dissolve 1.4 g of dopamine hydro-
chloride with continuous stirring for half hour. After
that, the aqueous solution of dopamine was added to
the previously prepared mixed solvent, and the reaction
was left to undertake for 1 day in an open container with
slow stirring. Finally, the solution was centrifuged for
15 min, and the synthesized PDA particles were collected
and washed several times with deionized water.

2.4 The synthesis of PDA/NC
nanocomposite

The synthesis of the PDA/NC nanocomposite was achieved
through the in situ polymerization of dopamine monomer
on the surface of NC. Typically, a homogenous suspension
was obtained by mixing 1 g NC with 500mL of distilled
H2O under the sonication process. After that, NC suspen-
sion was provided with 0.6 g of Tris, and the solution pH
was kept at 8.5 using HCl and NaOH. At room temperature
and with continuous stirring for 2 days in the air, the pre-
vious solution was provided with 1 g of dopamine to
initiate the polymerization reaction. The solution slowly
turned from pink to black color. Then, the centrifugation
of the solution at 10,000 rpm was used to collect the pro-
duct, and the PDA/NC solid was washed several times with
distilled H2O until the supernatant was clear. Finally, the
solid PDA/NC nanocomposite was freeze-dried to be ready
for characterization and application. Scheme 1 shows the
synthesis of the PDA/NC nanocomposite for the removal of
Cr(VI) ions.

2.5 Equipment and apparatus

To confirm the combination of PDA and NC in the nano-
composite PDA/NC, various characterization techniques
were used, including X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), X-ray photoelectron spectro-
scopy (XPS), ultraviolet (UV)-spectroscopy, and trans-
mission electron microscopy (TEM). Functional groups
and chemical structures of materials were investigated
by the Tensor II FT-IR spectrometer (Bruker, Germany)
over the range of 500–4,000 cm−1. A D8 ADVANCE X-ray
diffractometer from Bruker was used to obtain the XRD of
materials to explore their crystalline structures. XRD was
examined at a scanning rate of 5°min−1 in the range of
5–40°. The surface elements of the materials were exam-
ined using XPS (Thermo Fisher Scientific, USA). The mate-
rial morphology was characterized using TEM (JEM-2100F;
JEOL, Japan). N2 sorption data were determined by the
Brunauer−Emmett−Teller method (BET; Tristar II Plus;
Micromeritics, USA) at 77 K. The thermal stability of the
materials was determined using thermogravimetric
analysis (TGA; PerkinElmer, USA). A pH meter (FE28;
Mettler Toledo) was used to measure the pH value of
the used solutions.

2.6 Cr(VI) removal experiments

A glass bottle was used to perform the adsorption experi-
ments by stirring the mixture of a definite amount of
PDA/NC nanocomposite with various concentrations of
Cr(VI) ions solution at 25°C. The concentration of Cr(VI)
ions was determined using a calibration curve by mea-
suring the absorbance of the solution at 350 nm using a
UV-visible (vis) spectrophotometer. The removal efficiency
(%) and adsorption capacity (qe) of PDA/NC nanocompo-
site toward Cr(VI) ions can be calculated according to equa-
tions (1) and (2), respectively.

( ) (( ) )= − / ×C C CRemoval efficiency % 100,0 e 0 (1)

( ) (( ) )= − / ×q C C m VAdsorption capacity ,e 0 e (2)

where C0, Ce,m, and V denote Cr(VI) initial concentration,
Cr(VI) concentration at equilibrium, the mass of PDA/NC
nanocomposite in gram, and the volume of the solution
in L, respectively. To study the pH effect on the Cr(VI) ions
removal on the surface of synthesized materials, the
adsorption experiments were performed at pH ranging
from 2 to 11. The pH value was adjusted using 0.1 M
of NaOH and H2SO4. The pH effect was studied using
100mg/L of Cr(VI) solution, a volume of 10mL, an adsorbent

Scheme 1: Schematic illustration of the PDA/NC nanocomposite
synthesis for the removal of Cr(VI) ions.
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dose of 10mg, and stirring for 1 day at 25°C. The Cr(VI)
content after each adsorption experiment was determined
using a UV-vis spectrophotometer. To study the rate of Cr(VI)
ions adsorption on the surface of synthesized materials,
12mg of adsorbent was mixed with Cr(VI) ions at different
initial concentrations ranging from 200 to 300mg/L at a pH
of 3, and the solution volume of 20mL. At different times,
the Cr(VI) ions content was determined using the UV-vis
spectrophotometer to study the adsorption kinetics. To
study the adsorption isotherm, different concentrations of
Cr(VI) ions ranging from 30 to 600mg/L were mixed with
6mg of adsorbent at a pH of 3 for 1 day at 25°C using
a volume solution of 10mL. After each adsorption exp-
eriment, the solution was filtered and examined for the
presence of Cr(VI) ions, and the adsorption capacity was
determined to study the adsorption isotherm. The reusa-
bility of PDA/NC nanocomposite for the removal of Cr(VI)
ions was studied up to five successive cycles of 0.5M NaOH
and 0.5M sodium chloride for adsorbent regeneration after
each cycle. During the reusability study, 10mL of 20mg/L
Cr(VI) ions was mixed with 6mg of adsorbent at 25°C for 12 h
at a pH of 3. Then, the solution was filtered and examined
for the presence of Cr(VI) ions, and the adsorbent was regen-
erated as described earlier. Then, the adsorbent was rinsed
in distilled water and dried to be used in the next cycle.

3 Results and discussion

3.1 Characterization of PDA/NC
nanocomposite

To study the crystallinity of the synthesizedmaterials, XRD
was performed, and the results are shown in Figure 1a.
According to XRD results, the NC crystalline structure
was found to be present in the PDA/NC nanocomposite,
demonstrating that the addition of PDA did not affect the
crystallinity of NC. According to the literature [33], the XRD
of PDA/NC nanocomposite revealed the presence of cellu-
lose I due to the appearance of diffraction planes (004),
(200), (110), and (1−10) at 2θ = 34.6°, 22.8°, 16.8°, and
15.8°, respectively. Furthermore, the interaction between
the PDA and the NC resulted in a reduction in peak inten-
sity in the XRD of the PDA/NC nanocomposite.

To confirm the existence of functional groups, FT-IR
spectra of PDA, NC, and PDA/NC were performed, and the
results are shown in Figure 1b. According to the FT-IR
results, the NC spectra showed the appearance of its specific
bands corresponding to vibrations of water molecules,

symmetric vibrations of C–H, and stretching vibrations
of OH groups that appeared at 1,641, 2,904, and 3,418 cm−1,
respectively. While the spectra of the PDA/NC nano-
composite showed some modifications in the range of
1,600–1,200 cm−1 due to the addition of PDA to the NC.
So, the presence of PDA was confirmed from FT-IR spectra
by the appearance of bands at 1,285 and 1,509 cm−1 that
correspond to the stretching vibration of C–O and the scis-
soring vibration of N–H, respectively [34].

Further characterization was performed using XPS
spectra. The XPS full scan for NC and PDA/NC was per-
formed as shown in Figure 1c. The XPS full scan of PDA/
NC in comparison to NC showed the appearance of an
additional peak at 403 eV related to N1s and confirmed
the existence of PDA in the nanocomposite as reported in
the literature [35]. In addition, the XPS high resolution
C1s spectra were obtained for NC and PDA/NC nanocom-
posite, as shown in Figure 1d and e, respectively. The
high resolution of C1s spectra of NC showed the appearance
of four fractions at 289.1, 288.07, 286.6, and 285.1 eV that
correspond to O–C]O, O–C–O/C]O, C–O, and C–C/C–H,
respectively, as reported in the literature [36]. The high
resolution of the C1s spectra of PDA/NC showed the appear-
ance of the same fractions as well as the appearance of an
additional fraction at 286.3 eV that corresponds to C–N,
indicating a well combined PDA and NC in one composite.

Furthermore, the UV-vis spectra of both NC and
PDA/NC were performed, and the results are shown in
Figure 1f. The comparison of the two peaks showed the
appearance of an additional peak at 280.0 nm by the
addition of PDA to the surface of NC. This additional
peak corresponds to the PDA parts and results from the
π–π* transition as reported in a previous study [37]. All
the above results indicate the well-functionalization of
the NC surface with PDA.

To study morphology and the size of synthesized
materials, the TEM images of NC and PDA/NC nanocom-
posite are shown in Figure 2a and b, respectively. According
to Figure 2a, the acid hydrolysis of cotton pulp led to the
successful synthesis of NC with a diameter of 13 nm. While
the TEM image of the PDA/NC nanocomposite showed an
increase in diameter after the addition of PDA to 15 nm.
Figure 2b shows the successful functionalization of the NC
surface with PDA. This functionalization was achieved as
described in the literature [38] by the reaction of hydroxyl
groups in NC with catechol groups in the PDA followed by
the dehydration process to produce a charge-transfer com-
plex. This functionalization is responsible for the diameter
increase as well as the morphological change.

Furthermore, TGA was used to determine the thermal
stability of the synthesized nanomaterials, and the results
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are shown in Figure 3a. According to TGA results, at 100°C,
the synthesized NC showed a weight loss of 3% that
resulted from the evaporation of adsorbed H2O. At 280°C,
NC was degraded and, subsequently, it showed a weight
loss of 71%. While at 390°C, the NC residuals were

decomposed into carbon dioxide and water and showed
a weight loss of 24% [39]. For PDA, the heating under a
nitrogen atmosphere to 800°C showed a residual weight
of 56% in a multistep loss, indicating the heterogeneous
construction of PDA.
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For PDA/NC nanocomposite, at 100°C, the adsorbed
H2O molecules evaporated, causing a weight loss of 7%.
At 280°C, the degradation of PDA and NC caused another
weight loss of 31%. The weight loss of the PDA/NC nano-
composite reached 66% at a temperature of 800°C. The
TGA results indicated that the PDA successfully functio-
nalized the NC and enhanced its thermal stability. To
study the effect of PDA on the improvement of NC surface
area, the BET surface area was determined for NC and
PDA/NC nanocomposite, and the results are shown in
Figure 3b. The determined BET surface was found to be
0.75 and 107.5 m2/g for NC and PDA/NC, respectively.
This enhanced surface area resulted from the addition
of PDA to NC that improved the stability of the nanocom-
posite as well as the adsorption active site on the surface

of the nanosorbent. This enhanced area will be very
helpful to the uptake of more Cr(VI) ions from the aqueous
solution during the adsorption process. All the above char-
acterization techniques indicated the successful integra-
tion of PDA on the surface of NC to produce a PDA/NC
nanocomposite.

3.2 Optimization of the adsorption
conditions

To optimize the adsorption process of Cr(VI) ions on the
surface of PDA/NC nanocomposite, the effect of different
conditions like pH, initial Cr(VI) ions concentration, and

Figure 2: TEM image of (a) NC and (b) PDA/NC nanocomposite.
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contact time must be studied. Subsequently, the effect of
the aforementioned conditions was studied as shown in
Figure 4. The effect of initial Cr(VI) ions concentration was
studied in the concentration range of 30–130mg/L at
fixed pH of 3 and room temperature, and the results are
shown in Figure 4a. According to Figure 4a, the highest
removal efficiency of Cr(VI) ions was reached at an initial
concentration of 50mg/L and found to equal 100%.
When the initial concentration was increased from 50 to
65 mg/L, the removal efficiency decreased to 87%, and
the continuous increase in initial concentration led to a
gradual decrease in removal efficiency until it reached
the lowest value (55%) at 130 mg/L. This behavior can
be interpreted on the basis that the PDA/NC adsorbent
has a fixed number of adsorption sites at a fixed dose of
adsorbent. So, the low initial concentration of Cr(VI) ions
can be adsorbed over sufficient numbers of active sites,
and hence, the removal efficiency was increased. But, the

increased initial concentration of Cr(VI) ions led to the
uptake of ions corresponding to the fixed number of sites,
and hence, the removal efficiency was decreased. This
behavior of removal efficiency with the initial concentra-
tion of Cr(VI) ions was observed in several reported stu-
dies [40,41].

As the adsorbent–Cr(VI) interaction greatly depends
on the pH value, the solution pH is an essential para-
meter affecting the Cr(VI) removal [42]. According to pH
value, Cr(VI) species are present. At pH < 1, H2CrO4 is the
main form of chromium ions. At a pH range of 2–6, −Cr O2 7

2

and HCrO4
− are themain forms of chromium ions. At pH > 6,

−CrO4
2 is the main form of chromium ions. This dependence

of chromium existence on the pH value was explained in
our previous study [43]. The effect of pH on the adsorption
of Cr(VI) ions over PDA/NC nanocomposite was studied in
the range of 3–11, and the results are shown in Figure 4b.
According to Figure 4b, the increased pH value led to a
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decreased removal efficiency of Cr(VI) ions. The highest
removal efficiency was reached at a pH value of 3. This
behavior can be attributed to the strong interaction between
the protonated surface of the PDA/NC nanocomposite at a
low pH value and the anion species of chromium ions [44].
The excess H+ ions at low pH values cause protonation of
functional groups on the surface of the adsorbent to form a
positively charged adsorbent that can capture the negatively
charged chromium ions through electrostatic interaction,
and hence, the removal efficiency was increased. So, the
optimum pH value for the removal of Cr(VI) ions on PDA/
NC nanocomposite is 3. While at a higher pH value, the
excess OH− ions were repulsed by negatively charged chro-
mium ions and caused a decrease in the removal efficiency.
This behavior of pH effect on Cr(VI) removal was observed in
many reported studies [45,46].

To optimize the contact time for the removal of Cr(VI)
ions on the surface of PDA/NC nanocomposite, the adsorp-
tion experiment was employed at different time intervals
ranging from 0 to 1,600min. Figure 4c displays the removal
capacity of PDA/NC nanocomposite toward Cr(VI) ions at
different contact times. According to Figure 4c, there are
two stages of adsorption until equilibrium is reached: the
slow stage and the rapid stage. The initial rapid phase
showed an improved adsorption capacity of PDA/NC nano-
composite toward Cr(VI) ions. Subsequently, the optimum
contact time for the adsorption of Cr(VI) ions is 6 h. Further
increases in contact time over 6 h led to the appearance of a
second slow phase. This phase showed a negligible effect of
contact time on the adsorption of Cr(VI) ions on the surface
of the PDA/NC nanocomposite. The initial stage showed a
rapid and enhanced adsorption capacity toward Cr(VI) ions

due to the availability of various active sites during this
stage [47]. While at the second stage, the sites become
saturated and the ions compete with each other for
active sites [47], and the contact time has no significant
effect here.

3.3 Adsorption kinetics

The controlling mechanism of Cr(VI) uptake by PDA/NC
can be explained using the kinetic study. To explain the
adsorption process of Cr(VI) ions on the surface of PDA/NC
nanocomposite, the kinetic experimental data were fitted
using two kinetic models, namely pseudo-first-order and
pseudo-second-order models [48]. The pseudo-first-order
and pseudo-second-order models can be expressed according
to equations (3) and (4), respectively.

− = −q q q k tln ln ,te e 1 (3)

⎜ ⎟
⎛

⎝

⎞

⎠
= + /

t
q k q

t q1 ,
t 2 e

2 e (4)

where qt, qe, k1, and k2 denote the adsorption capacity at
time t (min), the adsorption capacity at equilibrium, the
pseudo-first-order kinetic adsorption rate constant, and
the pseudo-second-order kinetic adsorption rate constant,
respectively. Figure 5 shows the fitting of experimental
data to pseudo-first-order and pseudo-second-order
kinetic models, and their calculated parameters are
tabulated in Table 1.

The experimental value of qe was closer to the calcu-
lated value from the pseudo-second-order model than the
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Figure 5: The fitting of experimental data to pseudo-first-order model (a) and pseudo-second-order model (b) for the adsorption of Cr(VI)
ions on the surface of PDA/NC nanocomposite.
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pseudo-first-order model. Also, the R2 values as pre-
sented in Table 1 indicated that the removal of Cr(VI)
ions on the surface of PDA/NC nanocomposite best fits
the pseudo-second-order model than the pseudo-first-
order model. These results indicate that the adsorption
of Cr(VI) ions on the surface of the PDA/NC nanocompo-
site was achieved through a chemical adsorption process
[49,50]. The chemical adsorption behavior indicates that
the interaction between the functional groups on the sur-
face of PDA/NC nanocomposite and the Cr(VI) ions occurred
via a very strong complexation reaction.

3.4 Adsorption isotherm

To describe the adsorption process of Cr(VI) ions on the
surface of PDA/NC nanocomposite, Langmuir and Freundlich
isotherm models were used. The Langmuir and Freundlich
isotherm models are represented according to equations (5)
and (6), respectively.

( )/ = / + /q q K C q1 1 1 ,e m L e m (5)

= +q K
n

Cln ln 1 ln ,e F e (6)

where qm, KL, KF, and 1/n represent the maximum adsorp-
tion capacity (mg/g), Langmuir constant, Freundlich con-
stant, and adsorption intensity factor, respectively.

Langmuir isotherm model suggests the monolayer
homogenous adsorption of the adsorbate ions over the
energetically similar active sites [51]. While the Freun-
dlich isotherm model suggests the multilayer heteroge-
neous adsorption of the adsorbate ions [51]. The fitting of
experimental data to Langmuir and Freundlich isotherm
models is presented in Figure 6, and their calculated
parameters were introduced in Table 2. The correlation
coefficient (R2) determines the suitability of the isotherm
model to describe the adsorption process. According to
the linearization curves of Langmuir and Freundlich’s
isotherms shown in Figure 6 and the R2 values in Table 2,
the adsorption of Cr(VI) onto the surface of PDA/NC nano-
composite follows the Langmuir isothermmodel. The results
indicated that the uptake of Cr(VI) ions on the PDA/NC
nanocomposite surface occurred via monolayer adsorp-
tion. In addition, the maximum adsorption capacity (qm)
of PDA/NC nanocomposite is 210mg/g, which is consid-
ered to be very high when compared to other adsorbents
used for the removal of Cr(VI) ions. This enhanced adsorp-
tion capacity could be attributed to a large number of

Table 1: The kinetic parameters of pseudo-first-order and pseudo-second-order models for the removal of Cr(VI) on the surface of PDA/NC
nanocomposite

Pseudo first order Pseudo second order

qe (exp) (mg/g) qe (cal) (mg/g) K1 R2 qe (cal) (mg/g) K2 R2

123 33.42 0.0048 0.960 123.48 0.00067 0.9991
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Figure 6: The fitting of experimental data to Langmuir isotherm (a) and Freundlich isotherm (b) for the adsorption of Cr(VI) ions on the
surface of PDA/NC nanocomposite.
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functional groups on the surface of the adsorbent due to
the modification using PDA.

3.5 Adsorption mechanism

The study of the removal mechanism gives a deep insight
into the efficiency and action of the adsorbent during the
treatment. To determine the mechanism of Cr(VI) removal
on the surface of PDA/NC nanocomposite, XPS high-reso-
lution Cr 2p spectra were performed on PDA/NC nano-
composite after the removal of Cr(VI) ions on its surface.
Figure 7 shows the XPS Cr 2p spectra of the PDA/NC
nanocomposite. According to Figure 7, there are two dif-
ferent species of chromium ions present (Cr(III) and Cr(VI)).
The integration area from the obtained spectra clearly
shows the existence of these two ions on the adsorbent
after water treatment. These results indicated that the
Cr(VI) ions were removed from the surface of the studied
adsorbent through two different mechanisms. In the first
way, the catechol functional groups of PDA on the surface
of NC reduced Cr(VI) to Cr(III) and itself was oxidized to
COOH– groups. Moreover, the electrons for the reduction
of Cr(VI) are moved from nitrogen functional groups

(catechol) of PDA as electron‐donating groups, causing
the oxidation of catechol groups to COOH– groups. The
formed Cr(III) ions have vacant shell orbital that can
receive lone-pair electrons from amine groups of PDA,
causing the creation of a chelated complex. In a second
way, the functional groups of PDA (amine and catechol)
strongly chelate or electrostatically attract the Cr(VI) ions
on the surface of the adsorbent. Based on the above ana-
lysis, Cr(VI) removal on the surface of PDA/NC nanocom-
posite was attributed to complexation, adsorption, and
chemical reduction. These multiple removal mechanisms
validated the effective applicability of PDA/NC nanocom-
posite as a perfect adsorbent for the removal of Cr(VI) ions
from an aqueous solution.

3.6 Regeneration and reusability study

The reusability of any adsorbent is an important factor for
use in large-scale water treatment, as it reduces the overall
cost of treatment [52–56]. The reusability of PDA/NC nano-
composite was studied for the removal of Cr(VI) ions up to
five successive cycles. Figure 8 shows the reusability study
of PDA/NC nanocomposite as an adsorbent for Cr(VI) ions.
Each cycle consists of an adsorption part followed by a
desorption. The nanocomposite was used for the adsorp-
tion of Cr(VI) ions followed by the collection of nanocom-
posite and washing by NaOH and NaCl to desorb attached
Cr(VI) ions and regenerate the adsorption sites. After each
cycle, the solution was examined for the existence of Cr(VI)
ions. According to Figure 8, the highest removal efficiency
was achieved for the first cycle due to the presence of fresh
unused active sites.

Table 2: The parameters of Freundlich and Langmuir isotherm
models for the removal of Cr(VI) on the surface of PDA/NC
nanocomposite

Langmuir Freundlich

qm (mg/g) KL R2 KF n R2

210 0.0148 0.988 43.30 4.35 0.911
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Figure 7: XPS high-resolution Cr 2p spectra of PDA/NC nanocom-
posite after the removal of Cr(VI) ions.
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Figure 8: Reusability of PDA/NC nanocomposite for the removal of
Cr(VI) ions up to five cycles.
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After that, the removal efficiency decreased from one
cycle to another until it reached the minimum efficiency
in the fifth cycle. The nanocomposite lost 92% of its effi-
ciency in the last cycle. This means that most of the
adsorption sites on the surface of PDA/NC nanocompo-
sites cannot be regenerated, and subsequently, poor reu-
sability results. This can be attributed to the mechanism
of removal as the sites removed Cr(VI) by adsorption can
be regenerated, while the sites removed Cr(VI) by reduc-
tion (which involved the oxidation of catechol groups to
carboxylic groups) cannot be regenerated as reported in
the literature [57].

3.7 Comparative study

The PDA/NC nanocomposite synthesized in the present
study showed a high adsorption capacity. This adsorp-
tion capacity was compared with the capacities of
previously reported adsorbents for Cr(VI) removal as
presented in Table 3. According to the comparison in
Table 3, the PDA/NC nanocomposite showed excel-
lent adsorption capacity compared to other reported
adsorbents.

4 Conclusion

In this work, PDA-functionalized NC was fabricated using
in situ polymerization of dopamine on the surface of
NC. The as-synthesized PDA/NC nanocomposite was well
characterized, indicating the successful fabrication of the
hybrid nanocomposite. The PDA/NC nanocomposite
showed a higher BET surface area than NC that attrib-
uted to the addition of PDA on the surface of NC.

Moreover, the PDA/NC nanocomposite showed enhanced
thermal stability compared to its parts. The synthesized
adsorbent showed good adsorption toward Cr(VI) ions
from an aqueous solution at optimum conditions of pH,
contact time, and initial concentration. The study of adsorp-
tion kinetics indicated that the removal of Cr(VI) follows the
pseudo-second-order kinetic model. The study of adsorp-
tion isotherm indicated the monolayer removal of Cr(VI) on
the energetically identical active sites. In addition, the max-
imum adsorption capacity (qm) was found to be 210mg/g.
The removal mechanism was studied, indicating the elim-
ination of Cr(VI) ions from aqueous solution in three ways,
including adsorption, complexation, and chemical reduc-
tion. The reusability of the synthesized nanocomposite
was studied for up to five cycles, with poor results attributed
to the mechanism of removal and damaged active sites.
According to the results, the PDA/NC nanocomposite is a
promising candidate for the removal of Cr(VI) ions from
water.
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Table 3: The comparison between different adsorbents for the removal of Cr(VI) ions

Adsorbent Adsorption capacity (mg/g) References

PDA/NC 210 This study
NiCo-LDH 100 [58]
Ppy/Fe3O4 magnetic nanocomposite 169.4 [59]
Fe2O3@SiO2 153 [60]
Magnetic SiO2@CoFe2O4 nanoparticles 136.4 [61]
Bentonite clay@MnFe2O4 composite 178.57 [47]
Sodium alginate-polyaniline 73.34 [62]
Stacked CS 131.58 [63]
Polyacrylonitrile/NH2 156 [64]
Fe3O4@SBA-15-PDA/HBP-NH2 66.5 [65]
Mn-incorporated ferrihydrite 48.5 [66]
ppy@magnetic chitosan 105.0 [67]
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