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Polydopamine coated sea buckthorn branch powder (PDA@SBP) was facilely synthesized via a one-pot
bio-inspired dip-coating approach. The as-synthesized PDA@SBP was characterized using Fourier
transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). The adsorption pro-
gresses of Safranine T on the surface of PDA@SBP adsorbent were systematically investigated. More
specifically, the effects of solution pH, contact time, initial concentration and temperature were eval-
uated, respectively. The experimental results showed the adsorption capacity of PDA@SBP at 293.15 K
could reach up to 54.0 mg/g; the adsorption increased by 201.7% compared to that of native SBP (17.9 mg/
g). Besides, kinetics studies showed that pseudo-second-order kinetic model adequately described the
adsorption behavior. The adsorption experimental data could be fitted well a Freundlich isotherm model.
Thermodynamic analyses showed that the ST adsorption was a physisorption endothermic process.
Regeneration of the spent PDA@SBP adsorbent was conducted with 0.1 M HCl without significant re-
duction in adsorption capacity. On the basis of these investigations, it is believed that the PDA@SBP
adsorbent could have potential applications in sewage disposal areas because of their considerable ad-
sorption capacities, brilliant regeneration capability, and cost-effective and eco-friendly preparation and

use.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In the past several years, the removal of dyes from industrial
wastewater undoubtedly was the hottest topics of discussion, be-
cause most dyes are extremely toxic and hazardous to ecosystem
and human health [1-4]. To date, various treatment strategies,
such as membrane filtration [5], oxidation [6], adsorption [7],
electrocoagulation [8], photocatalytic decomposition [9], etc. have
been developed and applied in removing dye compounds from
wastewater. Among the aforementioned techniques, adsorption is
gaining much more popularity owing to its easy operation and
high-efficiency [10,11]. Thereinto, using the natural agricultural
lignocellulosic byproducts as cheaper and effective biosorbents are
gaining public and technological attentions because of their un-
ique merits that were characterized by both environmental con-
servation and waste recycle. For instance, cotton waste [12], cone
shell of calabrian pine [13], coco-peat [14], etc., have been widely
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utilized to adsorptively remove dyes from wastewater.

Sea buckthorn, as an important economic plant belonging to
the family Elaeagnaceae, is one of the most widely distributed
economic crops in East Asian. The acreage devoted to sea buck-
thorn is more than 2.0 million ha in China, accounting for over 90%
of the total planting area of the world [15]. As a byproduct of sea
buckthorn, sea buckthorn branch (SB), is an abundant bio-re-
source, which has low utilization at present, mainly as agricultural
waste. The chronic and casual management options for these sea
buckthorn branches, such as burying them underground, dis-
carding them outside and burning them are characterized by
serious resource waste and significant environmental pollution.
Therefore, the exploration of finding the effective use of sea
buckthorn branches is of particular importance in contemporary
society, because waste sea buckthorn branches still have various
primitive advantages including that they are very inexpensive,
completely biodegradable, incredibly abundant, and clearly
renewable.

The chief chemical constituent of sea buckthorn branch is cel-
lulose, hemicellulose, and lignin. There are various inherent re-
active functional groups, such as hydroxyl, carboxyl, ether,
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phosphate, and amino groups on the surface of sea buckthorn
branch [16]. The existence of these functional groups endows the
raw SBP with talent adsorption ability for organic dyes or metals
ion through covalent and non-covalent interactions. Nevertheless,
compared with normal absorbents with special porous structure
or functionalizated surface, the native form of SBP usually lack
high adsorption capacity and efficiency because of their low-level
adsorption active sites and low density of active anchoring sites
per unit surface area. To enhance their adsorption ability and ef-
ficiency, surface functionalization or modification of SBP via a fa-
cile, green method is urgently needed, but remains challenging.
Dopamine, a long-lasting adhesive protein secreted by mussels,
can undergo self-polymerization when dipped into alkaline or
oxidants contained aqueous solutions, and the resultant poly-
dopamine (PDA) containing numerous catechol groups, amine
groups and aromatic rings [17]. Taking into consideration the ex-
istence of such abundant reactive groups, polydopamine is ex-
pected to offer a large number of active sites for binding heavy
metal ions or organic pollutants through electrostatic, bidentate
chelating, or hydrogen bonding interactions [18], which has sti-
mulated extensive researches on the polydopamine-based ad-
sorbent materials. Typically, Fu et al., have demonstrated that PDA
microspheres could serve as a high-efficiency adsorbent for the
removal of methylene blue from aqueous solutions [19]. Farnad's
groups have directed the use of polydopamine nanoparticles as an
adsorbent for copper ions from wastewater [20]. However, sig-
nificant limitations, including the very high-cost of dopamine
material and the ineffective use of the interior of polydopamine
microspheres hinder their commercialization and industrialization
on a large scale.

As stimulated by this background, in the present study, a
simple but versatile strategy of preparing polydopamine coated
sea buckthorn branch powder (PDA@SBP) biosorbent for dye re-
moval was proposed, i.e., encapsulating individual SBP with
functionalizable, artificial organic polydopamine shells through
strong covalent bonds was carried out. Safranine T, as a typical dye
of organic compound used in industry was chosen to be studied
over a batch adsorption system. The removal of Safranine T from
aqueous solution using PDA@SBP as adsorbent was systematically
investigated. Experiments were carried out to evaluate the effect
of solution pH values, contact time, and initial dye concentration
on the removal of Safranine T. The sorption kinetic and isotherm
models of adsorption process, and the regeneration of the spent
PDA@SBP adsorbent were also investigated. In generally, the sur-
face modification of SBP with dopamine not only have extended
the utilization of waste sea buckthorn branches and avoided un-
necessary dopamine consuming, but also enhanced dye adsorption
capacity due to an increase of surface active anchoring sites. Be-
sides the advantage of using abundant, non-toxic and low-cost
natural resources, the modification method has simplified the
synthetic route greatly.

2. Experimental
2.1. Materials

Sea buckthorn branch (SB) was collected from countryside
(Qinghai, China). Dopamine hydrochloride and tris(hydro-
xymethyl)aminomethane (Tris-HCl) were supplied by Tianjin
Chemical Reagent Factory (Tianjin, China). Safranine T (ST) was
supplied by Beijing Oriental Chemical Factory (Beijing, China). The
chemical structure is depicted in Scheme 1. All the chemicals used
in the present study were of reagent grade and were used without
further purification.
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Scheme 1. Structure of safranine T dye.

2.2. Preparation of PDA@SBP adsorbent

Raw waste sea buckthorn branches were cleaned, dried and
pulverized in a crushing machine. The neat SBP was dipped into a
dilute aqueous solution of dopamine (2 mg/mL), buffered to al-
kaline conditions using a mixed solvent of Tris—HCI buffer solution
(10 mM, pH 8.5). The mixture was stirred gently for 4 h at room
temperature. After the reaction, the products were centrifuged,
washed with distilled water and dried to yield PDA@SBP.

2.3. Characterizations of PDA@SBP samples

The functional groups of the obtained PDA@SBP were con-
firmed using a Perkin ElImer FTIR System 2000 in 400-4000 cm !
range via KBr pellet. A Hitachi S-4800 scanning electron micro-
scope was used to observe the surface morphology of PDA@SBP.
Shimadzu-18A UV-visible spectrophotometer was employed to
measure the dye concentration.

2.4. Adsorption studies

The dye adsorption studies were carried out using batch
method. In brief, 0.05 g of dried adsorbent was soaked in 25 mL of
dye solution. The beakers containing adsorbent and dye solutions
should be protected from light in a dry place. At different time
intervals, about 2.0 mL of dye solution was removed and measured
using UV-visible spectrophotometer to determine the dye con-
centration. The amount of adsorbed dye g, (mg/g) at various times
(t) and at equilibrium g. (mg/g) and removal efficiency (R %) was
calculated using following relations:

¢ = (G -GV
t m (1
_ (CO - Ce)'v
=" @
0, (CO - Ce)
R% = ————= x 100
Co 3)

where Cp is the initial dye concentration, C; and C. are con-
centration at time t and at equilibrium of the dye (mg/L), respec-
tively. V (L) is the volume of dye solution and m (g) represents the
weight of the dry absorbent. All the experiments were performed
in triplicates to minimize error and the results were averaged.

2.5. Desorption and reusability

0.05 g of PDA@SBP loaded with ST was soaked in 50 mL of
various desorbing mediums, including distilled water, HCI (0.1 M)
and CH3COOH (0.1 M) for a period of 2.0 h. The amount of ST
desorbed was measured spectrophotometrically and calculated
using equation below
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Wa

Amount of ST desorbed (%) = W, x 100%

C))
where Wy (mg/g) is the amount of ST desorbed by reagents, W,
(mg/g) is the amount of ST adsorbed onto PDA@SBP. After deso-
rption, the PDA@SBP was contacted again with dye solution for
another cycle of adsorption and then treated with 0.1 M HCI for
another desorption cycle. The adsorption-desorption procedures
were repeated five times to confirm the reusability of the
PDA@SBP absorbent.

3. Results and discussion
3.1. Synthesis and characterization of PDA@SBP absorbent

Possible deposition process of PDA on the surface of SBP sub-
strate and subsequent adsorption of ST are schematically illu-
strated in Scheme 2.

The inherent reactive functional groups on the external surface
of SBP, such as hydroxyls and carboxyls, are able to capture do-
pamine molecules in an aqueous dopamine (dopamine hydro-
chloride) solution [21]. According to previous reports [22], dopa-
mine is easily oxidized and self-polymerized in weak base condi-
tions and consequently adhered to the surface of various sub-
strates in the form of a PDA shell. As depicted in Scheme 2, do-
pamine is first oxidized and cyclized to dopaminechrome followed
by rearrangement to yield 5,6-dihydroxyindole. Thereafter, 5,6-
dihydroxyindole further suffers from polymerization to form
polydopamine, leading to the formation of a thin polydopamine
precipitate [23].

Thus, in the current work, when SBP substrate was immersed
into an aqueous dopamine (dopamine hydrochloride) solution
buffered to pH=8.5, covalent and non-covalent interactions in-
cluding the hydrogen bond, m-m interactions, and electrostatic
interactions between dopamine and the SBP substrate were built
up [24], making a PDA layer that was tightly and uniformly stuck
to the surface of the SBP substrate (denoted here as PDA@SBP).
This procedure was confirmed during the synthesis by a visible
alteration of the color of the dopamine solution from pale brown
to dark when the PDA shell was successfully created on the surface
of the SBP host. Obviously, plenty of phenolic functional groups as
well as aromatic rings were introduced onto the SBP surface. These
groups are of great importance because the numerous catechol
groups, amine groups and aromatic rings could afford active sites
for binding ST molecules onto the surface of PDA@SBP from aqu-
eous solutions via electrostatic interaction, hydrogen bonding or
-7 stacking interactions [19,25]. By this mean, the adsorption
capability of PDA@SBP could be greatly improved in comparison

with the naked SBP substrate.

From the above analysis, it can be supposed that the pristine
SBP and dopamine play their own extraordinarily important roles
simultaneously. On one hand, the substantial functional groups on
the surface of SBP provide an outstanding ability to capture do-
pamine molecules firstly. Such fixation functions of dopamine
molecules make the grafted self-polymerization reaction of PDA
occur on the SBP surface inevitably. On the other hand, the coarse
surface of SBP substrate provides an excellent platform for the
dispersion of PDA, which will contribute to the adsorption of ST
molecules because of the increased quantity of adsorption site.
Similarly, the polydopamine shell uniformly coated on the SBP
substrates can offer a large number of active sites for binding ST
molecules owing to the strong affinity between the aromatic rings
of polydopamine and ST molecules. In brief, compared with the
pure PDA microspheres, the internal polydopamine of PDA mi-
crospheres is partially replaced by cheap SBP, avoiding un-
necessary waste of expensive dopamine resources. At the same
time, the high-level adsorption ability of polydopamine is per-
sisted, and the mechanical stability of the fragile PDA copolymer is
strengthened because the SBP substrates have considerable tensile
strength. From this point of view, the obtained PDA@SBP compo-
site is demonstrated to be a new dye absorbent with low cost,
considerable adsorption capacity, simple preparation, and prac-
tical applicability.

To verify the successfully synthesized PDA@SBP, Fourier trans-
form infrared (FTIR) spectroscopy was employed to characterize
the structures of the intermediates and the final products. The
FTIR spectra of the powdered sea buckthorn branches, dopamine,
PDA and PDA@SBP are presented in Fig. 1.

In Fig. 1, the absorption band near 3458 and 2924 cm ™! in the
spectrum of SBP (Fig. 1(c)) were ascribed to the stretching vibra-
tions of the hydroxyl group (-OH) and C-H of the methylene
group, respectively. The wave numbers at 1113cm~! and
880 cm~ ! were due to ring vibrations of glycosidic bonds [26]. The
above peaks were assigned to the characteristic absorption bands
of the cellulose structures. The peaks at 1640 and 1400 cm~ ' were
ascribed to the stretching vibrations of the skeletal C=C in the
aromatic rings bands of lignin [27]. In the spectra of dopamine
(Fig. 1(a)), many narrow and sharp absorption peaks can be ob-
served, a characteristic of small molecules. In the spectrum of the
PDA (Fig. 1(b)), the broad band at 3458 cm~' was assigned to the
stretching O-H/N-H bonds, and the bands appearing at 1642 and
1400 cm ™! were related to the overlap of C=C resonance vibra-
tions in the aromatic ring and phenolic C-O-H stretching vibration
at 1300 cm ! [28]. The features of the absorption bands of dopa-
mine and PDA imply the successful oxidation polymerization of
dopamine. Compared with the spectrum of naked SBP, a more
intense peak at 1400 cm~! and a new peak at 1300 cm~! were

HO OH Q OH HO OH HO OH HO OH
oxidation rearrangement polymerization
S e ST e N or
. NH NH /n L
NH, n
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Scheme 2. Schematic illustration of the deposition process of PDA on the SBP surface and subsequent interactions between the PDA@SBP and ST.
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Fig. 1. FTIR spectra of dopamine, PDA, SBP and PDA@SBP.

obtained in the spectrum of PDA@SBP, suggesting the presence of
polydopamine on the surface of SBP.

The coating of PDA active layer on the surface of virgin SBP
scaffold can be further verified by their SEM images. In this regard,
the surface topographies of the primitive SBP substrate and the
PDA@SBP were visualized by SEM with high-resolution and the
images are displayed in Fig. 2. It can be observed that the native
SBP has a relatively smooth surface structure, while the PDA@SBP
possesses a rough surface with numerous microsized aggregates
and folds. The change of surface morphology is due to the accu-
mulation and coalition of the PDA layer on the surface of the neat
SBP substrate. Brunauer-Emmett-Teller (BET) surface areas of SBP
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Fig. 3. Effect of initial pH on the adsorption of ST onto the PDA@SBP and SBP.
Conditions: dye concentration: 100.0 mg/L; mass of adsorbent: 50.0 mg; tem-
perature: 293.15 K.

(c) and PDA@SBP (d) were calculated from nitrogen adsorption
isotherms (Fig. 2c and d). The BET surface area of SBP is 8.60 m?/g
and PDA@SBP is 7.49 m?/g, respectively. In addition, the pore vo-
lume has also decreased from 0.02 cm?/g to 0.01 cm?/g. It is ob-
vious that the BET surface areas of PDA@SBP have been decreased
and a few pore canals pure SBP have been blocked, demonstrating
again the successful deposition of a PDA layer onto the surface of
SBP substrate.

$4800 5.0kV 4.4mm x5.00k SE(U)

Relative Pressure (P/F)

Fig. 2. SEM micrographs of primitive SBP (a), PDA@SBP (b); nitrogen adsorption/desorption isotherms and pore size distribution (inset) of SBP (c), PDA@SBP (d).
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3.2. Dye uptake study

3.2.1. Effect of initial solution pH on dye adsorption

The level of acidity or alkalinity of an adsorption medium,
which could have an impact on the degree of speciation of ad-
sorbate, is one of the most significant factors influencing the
whole adsorption process. Thus, the effects of initial solution pH
on the adsorption capacity of the ST dye for a feed concentration of
100.0 mg/L in the pH range of 1.0-10.0 were studied as shown in
Fig. 3. With the increasing of pH from 1.6 to 10.0, the sorption
capacities of PDA@SBP and native SBP toward ST both present an
increasing trend. And the PDA@SBP adsorbed up to 94.62% of ST
while the removal efficiency of the pure SBP without dopamine
modification was only 28.84% for the initial pH of 10.0. The en-
hanced adsorption capacity of the PDA@SBP may be attributed to
existence of active quinone groups generated by oxidation of free
catechols in the polydopamine coating, which provide some ad-
ditional adsorption sites to effectively bind ST molecules [29,30]. It
indicates that PDA@SBP composite can act as a highly effective
adsorbent for ST molecules sorption after dopamine treatment and
basic solutions are conducive to dye adsorption. Hence, the initial
pH has played an important role in the adsorption capacity of ST.
The reason may be largely attributed to the surface charge change
of PDA@SBP [31]. More specifically, at strongly acidic condition
(pH < 3.0), most of the amino functional groups of the PDA@SBP
are protonated, i.e., the PDA@SBP is positively-charged and then
interacts with the cationic dye molecules via electrostatic repul-
sion force, leading to the reduction of the adsorption capacity.
However, when pH is 3.0, the adsorption amounts of ST can still
reach 18.35 mg/g. This may be ascribed to the mutual effects be-
tween dye molecules and PDA@SBP, i.e., the m-m stacking inter-
actions between the aromatic rings of polydopamine layer and dye
molecules as well as the hydrogen bond reciprocities between the
catecol moieties of PDA and functional groups of adsorbate [32]. At
higher pH values (pH > 3.0), the deprotonation of the phenolic
functional groups of PDA@SBP occurs, the surface charge of the
adsorbent become negative. So, the amount of ST dye adsorption
tends larger. The larger sorption capacity of PDA@SBP reveals that
the introduction of PDA coating onto raw SBP material can sig-
nificantly improve the sorption performance.

3.2.2. Effect of contact time and adsorption kinetics

The kinetics of dye adsorption can be depicted by the acquisi-
tion of adsorbate molecules which defined the residence time
needed for the completion of adsorption process. The effect of
contact time on dye adsorption onto PDA@SBP is shown in Fig. 4.
As can be seen, initially ST dye adsorption on the surface of
PDA@SB is a rapid process, followed by a much slower second step

80

Experimental: e Pseudo-first-order
70+ wm 10mg/L Pseudo-second-order
e 50mg/L

60 4 100mg/L

R e

50

40

q, (mg/g)

30}//

2014

0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Time (min)

Fig. 4. Time-course profiles of adsorption of ST onto PDA@SBP at different initial
concentrations: pseudo-first- and pseudo-second-order kinetic models. Conditions:
mass of adsorbent: 50.0 mg; pH: 6.8; temperature: 293.15 K.

till it reaches the equilibrium condition and no further increase in
the adsorbing capacity. The tendency of ST dye adsorption may be
due to the availability of functional groups of PDA@SBP in ample
quantities, and gradual consumption of these reaction sites. And
the adsorption capacity at equilibrium of PDA@SBP for the con-
centration of 100 mg/L can reach up to 54.0 mg/g which is larger
than that of the virgin SBP substrate (17.9 mg/g). However, the
time to be equilibrium was observed to be independent of feed
concentration of ST dye.

For further evaluating the potential adsorption determining
steps involved in the ST adsorption process, the experimental data
were fitted to the following pseudo first-order equation (Eq. (5)) of
Lagergren and pseudo second-order formula (Eq. (6)) of Ho and
Mckay as also shown in Fig. 4 with solid and dotted lines, re-
spectively

Pseudo—first — order: g, = g,(1 - e¥) )
kg2t
Pseudo — second — order: g, = — 2 e’
1+ K-q.t 6)

where ¢ and g, (mg/g) represent the amount of dye adsorbed on
PDA@SBP at equilibrium and time t (min), respectively; K;(min~1)
and K; (g/mg min) are the kinetic rate constants of the pseudo 1st
order and pseudo 2nd order models, respectively.

The parameters and coefficients for the two kinetic models
were determined by nonlinear fitting technique, and the kinetic
parameters are summarized in Table 1. From Fig. 4 and the ob-
tained correlation coefficients (R?) of Table 1, it is evident that the
adsorption of ST over PDA@SBP can be characterized by a pseudo
2nd order kinetic model in the present study. This result suggests
that the rate-controlling step may be a chemical adsorption in-
cluding valence forces by ion exchange between the ST dye and
adsorbent [33], i.e., the adsorption process is controlled by the
chemical interaction between the ST and PDA@SBP surfaces.

With the aim to gain more insight into the kinetics of adsorp-
tion process, intraparticle diffusion and Elovich kinetic models
were applied. The Elovich equation in linear form can be re-
presented as [34]

1 1

q, 5 In(ap) + 5 In(t) 7
where o (mg/g min) is related to the initial adsorption rate and the
parameter /3 (g/mg) is related to the extent of surface coverage and
activation energy for chemisorption. Plot of g, versus Int (Fig. 5a)
lead to a straight line that the Elovich parameters obtained from
its slope and intercept respective recent are reported in Table 2.
Values of a and f changed as a function of the initial dye
concentrations. Also, the experimental data give a good correlation
for these results. It is obvious that adaptability of the Elovich
equation for the experimental kinetic data suggests that the
Elovich model was unable to describe properly the kinetics of
the ST dye on the PDA@SBP adsorbents.

Intraparticle diffusion model based on the theory proposed by
Weber and Morris is represented by the famous wellknown
equation [35]

q; = kigt®> + C ®)

where kiq (mg/g min®®) is the intraparticle diffusion rate constant
and constant C (mg/g) is the intercept. Values of kg and C were
calculated from the slope of linear plot of q; versus t® (Fig. 5b) and
the results are listed in Table 2. In the present study, the regression
of g, versus t%° is linear, but the plots do not pass through the
origin. This phenomenon indicates that adsorption involved in-
traparticle diffusion, but that is not the only controlling factor in
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Table 1

The kinetic parameters and coefficients of the pseudo-first-order and the pseudo-second-order model for ST adsorption onto PDA@SBP.

Cp (mgfL) Pseudo-first-order Pseudo-second-order
Geexp (MEE) K (min ") e calc (mg/g) R Ve K; (g/mg min) x 103 Ge,calc (mglg) R Ve
10 5.9 0.053 13.63 0.9552 0.8305 517 15.6 0.9897 1.071
50 283 0.120 26.46 0.9549 2.85964 6.38 29.2 0.9982 0.052
100 54.0 0.138 52.10 0.9357 71.225 5.05 55.5 0.9992 0.006
a 80 100
60
70}
A o 490
50t . 6O )
= 10mg/L — N
401 e 50mg/L o 50 480 =
= 4 100 mg/L E 2
g mg g sl . g
E 30} B - {70 3
= o« e 30r -
« —=—273.15K 160
201 4 . 201 —e—283.15K
P 293.15K
— . owm " 10- —v—303.15K 50
10 © )rJ/J,J’ 1
_— 0 1 1 1 1 1 1
. " 0 20 40 60 80 100 120
0 1 1 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50 G (mg/t)
Int Fig. 6. Effect of feed concentration (10.0-120.0 mg/L) on dye adsorption at different
60 temperatures. Conditions: mass of adsorbent: 50.0 mg; pH: 6.8.
sol " as feed concentration changed from 10.0 to 120.0 mg/L, adsorption
. 10mgL of PDA@SBP greatly increased while the removal efficiency de-
40 S fg(;ng/L/L creased clearly at all temperature. Because the total ST adsorption
- B mgy .1s . . . . .
K, capability is fixed, the quantity of unabsorbed ST in the solution is
E 3l also high at higher initial dye concentration, resulting in the sus-
& tained downward trend of the removal efficiency [37]. In addition,
20l the saturated reaction sites of the PDA@SBP could also contribute to
the gradual decrease in the removal efficiency [38].
10k The isotherms of adsorption are one of the most important
characteristics in describing the interaction between the mole-

Fig. 5. (a) Elovich kinetic model and (b) intraparticle diffusion plots for ST ad-
sorption. Conditions: mass of adsorbent: 50.0 mg; pH: 6.8; temperature: 293.15 K.

determining the kinetics of the process [36]. The C values
(7.955 mg/g) increased with the initial dye concentrations (10-
100 mg/L), implying that increasing the initial ST concentrations
promotes the boundary layer diffusion effect.

3.2.3. Effect of initial concentration and adsorption isotherms

The effects of initial dye concentrations on the rate of adsorption
and removal efficiency of ST dye onto PDA@SBP were investigated
between 10.0 and 120.0 mg/L at solution pH of 6.8. As can be no-

cules of ST dye and adsorbent surface sites and also, in optimizing
the utilization of adsorbent. Here, several commonly employed
models were developed to test the experimental data, including
two-parameter Langmuir and Freundlich isotherm models. The
Langmuir isotherm presumes that adsorption occurs at particular
homogenous sites within the adsorbent, where the sorption of
each sorbate molecule onto adsorbent surface has uniform sorp-
tion activation energy. The Freundlich model is an empirical
equation used to depict heterogeneous and multilayer adsorption,
and the heterogeneity is caused by the existence of various func-
tional groups over the adsorbent surface and also by the different
interaction mechanisms between adsorbate and adsorbent [39].

The linearized form of the models can be expressed by the
following equations:

ticed from Fig. 6, the PDA@SBP exhibited high adsorption capacity Langmuir isotherm: C_ 1 + Ce
and removal efficiency of the ST dye. The enhanced adsorption Qe Gmax’KL  Gmax 9
capability or high removal efficiency is mainly caused by the strong
i i i - - 1
electrostatllc attractlgn ‘flmong surface functional groups qf the ad Freundlich isotherm: Ingq, = — InCe + In K 10
sorbent with the cationic dye molecules. It can also be noticed that, n ao
Table 2
Elovich and intraparticle diffusion parameters at different initial concentrations.
Cp (mgfL) Elovich model Intraparticle diffusion model
a (mg/g) # (mgg min) R Ve Kiaa (mg/g min'?) Kia2 (mg/g min'?) C (mgfg) R Ve
10 3145 0.338 0.9709 0.9312 1.586 0.5804 7.955 0.9768 0.158
50 25.50 0.222 0.9457 0.8869 2.870 0.5343 2230 0.8895 2.658
100 63.77 0.118 0.9105 8.5414 6.006 0.5753 47.74 0.8609 15.02
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Fig. 7. Linear isotherm plots for the adsorption of ST on PDA@SBP at different
temperatures: (a) Langmuir and (b) Freundlich isotherms. The lines indicate the
linear fits of the isotherm models concerned.

where g. and qmax represent the equilibrium and maximum ad-
sorption amounts (mg/g), respectively. C. is the equilibrium dye
concentration (mg/L), and K; (mg/L) and K¢ (L/mg) represent
constants of the Langmuir and Freundlich models, respectively. 1/n
is known as Freundlich coefficient related to adsorption intensity
of the adsorbent.

To predict if the adsorption is favorable or unfavorable with the
Langmuir isotherm, a separation constant factor known as the
equilibrium parameter (R;) was commonly defined by

1

Ri=—
LTI Gk (11)

where Cp is the initial concentration of ST (mg/L). R,.=0,0 <R, <1,
R =1, and Ry > 1 indicate that the Langmuir adsorption process is
irreversible, favorable, linear, and unfavorable, respectively.

The linear plots of C./qe versus C. and In g. against In C, are
drawn for the Langmuir and the Freundlich models, respectively
which are shown in Fig. 7a and b. The constants (K;, K¢ and 1/n),
the correlation coefficients (R?), the chi-square (y?) and the cal-
culated gmax for the two isotherm models are calculated and
summarized in Table 3. From the figure and also from the values of
statistical parameters, i.e., R%, y* and F, it is evident that Freundlich
model describes very well the dye sorption process for the con-
centration range studied. The magnitude of Kr shows easy uptake
of ST from the aqueous solutions. As can be seen that the value of
Kg varied from 3.916 to 15.947 with increasing temperature
(273.15-303.15 K), indicating that the adsorption is favorable at
high temperatures. Researchers have reported that the Freundlich
constant 1/n usually depends on the strength and nature of the
adsorption process and the 1/n of a favorable adsorption is smaller
than 1 [40]. In the present case, the value of 1/n (0.58-0.77) ob-
tained are below one, suggesting that a favorable adsorption of the
dye took place on the surface of PDA@SBP. In addition, the values
of Ry for the adsorption of ST are in the range of 0.197-0.740,

Table 3
Adsorption isotherm parameters and thermodynamic parameters for dye adsorp-
tion at different temperatures.

T/K 27315 283.15 293.15 303.15
Langmuir

isotherm
K; (L/mg) 0.034+0.026 0.040+0.020 0.104+0.013  0.240 + 0.022
(max (Mg/L) 88.417 +1.021 121.507 +£0.351 94.073 +2.968 85.470 + 1.367
Ry 0.197-0.740 0.172-0.714 0.074-0.490 0.033-0.294
R? 0.939 0.943 0.973 0.938
Va 0.127 0.025 0.027 0.015
F 78.701 83.767 188.21 77.281
Freundlich

isotherm
1/n 0.719+£0.015 0.777 +0.011 0.681+0.027 0.584 +0.012
Kr (L/mg) 3.916+0.039 5.395+0.025 9.420+0.051 15.947 + 0.020
R? 0.997 0.998 0.992 0.997
Ve 3.770 4109 4.076 4157
F 23411 4668.6 650.82 23254
—AGY (kJ/  0.410 1123 2.129 3.033

mol)
Kp 1.198 1.612 2.397 3.333
AHO (k]| 23.806

mol)
AS® () 88.473

mol K)

0.172-0.714, 0.074-0.490 and 0.033-0.294 at 273.15, 283.15, 293.15
and 303.15 K, respectively. It demonstrates that the ST dye sorp-
tion onto PDA@SBP is favorable and therefore the PDA@SBP can be
referred as a proper adsorbent for ST adsorption.

3.2.4. Effect of temperature and adsorption thermodynamics

The degree of dye adsorption has been previously identified to
be correlated with the temperature of the solid-liquid interface.
For investigating the effect of temperature on dye removal process,
an analysis of the equilibrium data obtained from isotherm studies
held at different temperatures (Fig. 6 and Table 3) is necessary. It is
found that the ST dye adsorption capacity presents an apparent
increasing tendency while increasing the temperature from 273.15
to 303.15 K, and varies from 51.25 to 67.06 mg/g in initial con-
centration of 120.0 mg/L. This suggests that the adsorption of ST
molecular onto PDA@SBP is favored at higher temperatures within
the appropriate temperature range and the adsorption process is
endothermic in nature. With the rise in temperature, the rate of
diffusion of the adsorbate molecules increases as a result of the
decrease of the viscosity of dye solution, resulting in greater ad-
sorption [41,42]. In addition, at higher temperatures, the mobility
of dye molecules is significantly enhanced and more ST molecules
can interact with the active sites at the surface of PDA@SBP ad-
sorbent particles, thus leading to an increased dye adsorption. An
obvious enhancement in adsorption capability was also observed
with the rise in temperature for the adsorption of ST onto citric
acid modified wheat straw surfaces [43].

In order to describe the feasibility and the inherent energetic
changes of adsorption process, the thermodynamic parameters,
i.e,, the changes in free energy (AG®), entropy (AS®), and enthalpy
(AH®) were determined using the Van't Hoff plot by the following
formulas:

AG®= —RTInkKp 12)
AS®  AH®

Inkp=22 _ 20

e 13)

where R (8.314 ] mol~' K=" is the universal gas constant, T (K) is
the absolute temperature. Kp, is the distribution coefficient and can
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Fig. 9. van't Hoff plot for adsorption of ST onto PDA@SBP.

be calculated from the intercepts of the linear plots of In (ge/Ce)
versus g. (Fig. 8). The intercept and slope, respectively of the plots
of In Kp versus 1/T gives the values of AS® and AH® (Fig. 9).

The calculated negative values of AG® (—0.410, —1.123, —2.129
and —3.033 kJ/mol at 273.15, 283.15, 293.15 and 303.15K, re-
spectively) indicate the spontaneity and feasibility of the adsorp-
tion [44]. Moreover, the decrease in the negative AG® value with
temperature confirms that a better adsorption is actually obtained
at higher temperatures. The magnitude of AH® was usually em-
ployed to classify physisorption and chemisorption, Yao et al. re-
ported that the AH° of physisorption is smaller than 40 kj/mol
[45]. So the positive value of AH (23.806 kj/mol) suggests that ST
adsorption onto PDA@SBP is an endothermic and physisorption
process, which is in accordance with the influence of temperature.
Meanwhile, the value of AS° (88.473 J/mol K) was observed to be
positive, which illustrates some structure changes in the adsorbent
and adsorbate. The positive AS° also signifies increase in ran-
domness at the solid/solution interface during fixation of ST onto
the active sites of PDA@SBP [46]. All the thermodynamic para-
meters discussed above manifest that PDA@SBP can be used as a
high-efficiency adsorbent to remove ST from aqueous solution.

3.2.5. Desorption and reusability

Desorption is a necessary step to analysis the sorption me-
chanism of PDA@SBP and has a significant and applied value in
reuse of the spent adsorbent. Regeneration is an environmentally
acceptable option, which may be critical for decreasing process
costs and minimizing the waste. For this purpose, it is desirable to
desorb the adsorbed ST and regenerate the PDA@SBP for another
cycle of adsorption. Here, desorption with distilled water, HCl
(0.1 M) and CH3COOH (0.1 M) was 9.3%, 97.3% and 19.8%, respec-
tively. The low and high desorption of ST by CH3COOH (0.1 M) and
HCI (0.1 M), respectively, manifests that the ST is absorbed onto
the adsorbent through physical adsorption [37]. For obtaining the

Fig. 10. Adsorption-desorption cycles of ST with 0.1 M HCl as desorbing agent.
Conditions: dye concentration: 100.0 mg/L; mass of adsorbent: 50.0 mg; pH: 6.8;
temperature: 293.15 K.

versatility of the PDA@SBP, the consecutive adsorption-desorption
experiments were conducted with 0.1 M HCl for five cycles
(Fig. 10). During five cycles, the adsorption capacity of PDA@SBP
was found to be declined from 97.3% to 78.9% and the recovery of
ST dye decreased from 96.1% to 76.3%, respectively. So ST mole-
cules could be effectively desorbed, i.e., the PDA@SBP was able to
be reused facilely. With increasing number of reuse cycles, the
decline of dye-absorbing ability is not so prominent, confirming
that the PDA@SBP can be effectively regenerated and successively
applied for reuse.

4. Conclusions

In summary, PDA@SBP adsorbent composed of waste sea-
buckthorn branches coated with a thin layer of polydopamine
have been successfully synthesized via a one-pot bio-inspired dip-
coating approach. Safranine T, as a typical dye of organic com-
pound used in industry, was chosen to be studied over a batch
adsorption system. The experimental results showed that the ad-
sorption process was highly dependent on initial solution pH, in-
itial dye concentration and contact time. The adsorption capacity
of ST onto PDA@SBP summed up to 54.0 mg/g at a condition of
100.0 mg/L at 293.15 K, which is much larger than that of neat SBP
(17.9 mg/g). Furthermore, the adsorption kinetics and isotherms
were found to follow pseudo-second-order kinetic model and
Freundlich model, respectively, thermodynamics analysis in-
dicated the ST adsorption was an endothermic, spontaneous, and
physisorption process. The change of adsorption capacity after
these five repeated cycles of sorption and desorption was marginal
which suggests good reusability of the biosorbent. Therefore, the
PDA@SBP with simple preparation and practical applicability has
combined the high adsorption capacity of pure polydopamine
with the low-cost of idle sea buckthorn branch powder substrate,
showing great potential as a new class of biosorbent for waste-
water treatments.
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