Korean J. Chem. Eng., 35(12), 2384-2393 (2018)
DOI: 10.1007/s11814-018-0181-y

PISSN: 0256-1115
eISSN: 1975-7220

Hydrogels with diffusion-facilitated porous network for
improved adsorption performance

Yan-yan Pei*, Dong-mei Guo*, Qing-da An', Zuo-yi Xiao, Shang-ru Zhai’, and Bin Zhai

Faculty of Light Industry and Chemical Engineering, Dalian Polytechnic University, Dalian 116034, China
(Received 4 May 2018 « accepted 25 October 2018)

Abstract—Porous alginate-based hydrogel beads (porous ABH) have been prepared through a facile and sustainable
template-assisted method using nano-calcium carbonate and nano-CaCO; as pore-directing agent for the efficient cap-
ture of methylene blue (MB). The materials were characterized by various techniques. The sorption capacities of ABH
towards MB were compared with pure sodium alginate (ABH-1:0) in batch and fixed-bed column adsorption studies.
The obtained adsorbent (ABH-1:3) has a higher BET surface area and a smaller average pore diameter. The maximum
adsorption capacity of ABH-1:3 obtained from Langmuir model was as high as 1,426.0 mg g"'. The kinetics strictly fol-
lowed pseudo-second order rate equation and the adsorption reaction was effectively facilitated, approximately 50 minutes
to achieve adsorption equilibrium, which was significantly shorter than that of ABH-1:0. The thermodynamic parame-
ters revealed that the adsorption was spontaneous and exothermic. Thomas model fitted well with the breakthrough
curves and could describe the dynamic behavior of the column. More significantly, the uptake capacity of ABH-1:3 was
still higher than 75% of the maximum adsorption capacity even after ten cycles, indicating that this novel adsorbent
can be a promising adsorptive material for removal of MB from aqueous solution under batch and continuous systems.
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INTRODUCTION

Methylene blue (MB), as a very common cationic organic dye,
has been extensively used in many industrial fields such as leather,
textile, food, pulp and paper. However, MB has high toxicity and
potentially carcinogenic effect on human health, which can lead to
severely damage the eyes, skin, and respiratory and digestive system
[1,2]. Therefore, removing MB-containing wastewater to an accept-
able level prior to discharging into the natural system is critical [3].
Currently; a number of promising technologies have been applied
for removal of dye, including adsorption [4,5], membrane filtra-
tion [6], photo-catalytic degradation [7], and biological treatments
[8]. Among them, adsorption appears to be a simple and attractive
approach owing to its low cost, high treatment efficiency and sim-
ple operation [9,10]. Meanwhile, all kinds of adsorbents have been
explored for MB removal from wastewater, such as activated car-
bon [11], montmorillonite (MMT) clays [12], bio-sorbents [13,14],
and magnetic porous carbon microspheres (MPCMs) [15]. How-
ever, searching for a cost-effective, environmentally friendly and eas-
ily available sorption media for MB removal from wastewater still
remains a vital issue.

Recently; some natural bio-sorbents, such as chitosan, sodium algi-
nate (SA) and cellulose, have been attractive owing to their being
low cost, easily available, non-toxic, biodegradable and renewable.
In addition, there are many functional groups on the chains of these
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materials which can be modified through various methods to im-
prove their adsorption capacity [16-18]. Among them, SA, a natu-
ral biopolymer extracted mainly from brown seaweed, is com-
posed of f-D-mannuronic (M units) and o-L-guluronic acid (G
units), and it can be transformed into hydrogels through chelating
with multivalent metal ions [19]. In particular, SA has abundant
carboxyl and hydroxyl groups per unit which are excellent func-
tional platforms to remove cationic pollutant such as MB from aque-
ous solution through physical and chemical modifications. SA hy-
drogels have good sorption capacity for the removal of dye from
effluents on a practical scale [20-22]. However, the previously re-
ported adsorption performance of alginate-based nanocomposite
materials is not fully explored and applied. For example, Hassan et
al. reported the adsorption capacity of MB on AB hydrogels was
only 800 mg g [23]. Mohammed et al. reported that cellulose nano-
crystals and alginate (CNC-ALG) hydrogel beads have a maximum
adsorption capacity of 256.41 mg g~ [24]. Noticeably, both the ad-
sorption capacity and sorption kinetics are not parallel to those prac-
tical processes that require diffusion-facilitated pathways and accessi-
ble adsorption sites.

Accordingly, there is an urgent need to prepare porous hydrogels
with controlled porosity and high specific surface area for rapid diffu-
sion of dye molecules into network and interacting with its func-
tional groups for the efficient adsorption of MB. Even though SA
hydrogels beads have porous structures, there are other controlla-
ble ways to further increase their porosity to enlarge the pore size
and specific surface area, which possibly enhance the adsorption
capacity [25]. Two effective methods can be employed to enhance
the adsorption performance of porous hydrogel beads, including
freeze-drying and adding nano-CaCO;. The added nano-CaCO;
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can serve as pore-forming agent in the interior structure of SA which
is then washed with diluted hydrochloric acid generating void holes
at the sites which were occupied by solid particles previously. The
freeze-drying can exhibit relatively more porosity and improve the
maximum adsorption capacities of the material [26]. Compared
with the previous study, the two approaches mentioned above were
found to be more efficient, easy to synthesize, and easier for large-
scale application. Thus, it is of great interest to develop template-
assisted method to prepare hydrogel beads with high surface area
and mechanically stable porous framework.

Herein, a new type of low-cost and eco-friendly ABH-1:3 with
high-surface-area and small-pore-diameter was fabricated for the
rapid removal of MB. The effect of the different mass ratios of SA,
CaCl, and nano-CaCO; on the properties of porous beads was inves-
tigated. Subsequently; the removal of MB on ABH was investigated
systematically through batch and fixed-bed column adsorption to
evaluate its adsorption performance. In batch study, the adsorption
kinetics, isotherms, thermodynamics and the effect of pH were inves-
tigated to evaluate the fundamental adsorption process and perfor-
mance of the ABH. In a fixed-bed column study; the effects of initial
concentration and flow rate were also discussed in detail. In addi-
tion, the recyclability of the ABH-1:3 was examined using 0.1 M
HCl/ethanol as an eluent. N, adsorption/desorption techniques, Fou-
rier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and X-ray powder diffraction (XRD) were uti-
lized to characterize the pore structure of ABH.

MATERIAL AND METHODS

1. Materials

Sodium alginate with a high viscosity (14,000 cP of 2% solution)
and MB were supplied from Sinopharm Chemical Reagent Cor-
poration, China. Calcium chloride anhydrous (CaCl,), ethanol,
hydrochloric acid (HCI) and sodium hydroxide (NaOH) were ob-
tained from Tianjin Kermel Chemical Reagent Factory, China.
Nano-CaCO; (800 nm) was provided by Sigma-Aldrich Co., Ltd.
All chemicals were of analytical grade and used as received with-
out any further purification. Deionized water was used for the prepa-
ration of all the required solutions. MB stock solution (1.0g L")
was prepared by dissolving MB in deionized water.
2. Synthesis of ABH Hydrogel Beads

About 4 g SA and a certain amount of nano-CaCO; powder (0,
1.0, 2.0, 3.0, 4.0 and 6.0 g) were introduced into 200 mL deionized
water and continuously stirred until a homogeneous suspension was
formed. The suspension was then dropwise added into cross-link-
ing solution (5wt% CaCl,) by using a peristaltic pump (LEAD-
FLUID-Y215, China) with a flow rate of 3mL min™ to form uni-
form immobilized ABH beads (3-5 mm in diameter each). Then,
the beads were left for 24 h to complete solidification. After 24 h
immersion, the beads were taken out and subsequently washed by
HCl aqueous solution (1 mol L) under slow shaking (25 rpm) for
another 1.5h to remove CaCO; producing internal porosity. The
hydrogel beads were then filtered and washed with plenty of deion-
ized water to remove residual H', CI” and Ca™" ions, and freeze-
dried (=50 °C, 0.1 mbar) for 48 h under vacuum (less than 10 Pa).

Sorbents with different amounts of SA (1%, 2%, 3% w/v) and

Washed by dilute

CaCl, hydrochloric acid
¥ = 3 =
peristaltic pump freeze-drying

Porous alginate-hased
hydrogel beads

Scheme 1. Schematic illustration of synthesis of porous alginate-based
hydrogel beads.

constant CaCl, (5 % w/v) were prepared. Then sorbents with dif-
ferent amounts of CaCl, (1%, 3%, 5%, 7%, 9% w/v) and constant
SA (2% w/v) were also prepared. The corresponding results are
demonstrated in Fig. S1 and Table S1. Fig. S1 and Table S1 show
that the maximum adsorption capacity of MB was SA (2% w/v)
and CaCl, (5% w/v). To further investigate the effect of nano-
CaCO; content on MB, ABH with SA/nano-CaCO; content (1:0,
1:1,1:2 and 1:3) and constant mixing mass ratio of CaCl, (5%
w/v) to SA (2% wi/v) were prepared (abbreviated as ABH-1:0) (Fig.
S1, Table S1). Similarly, ABH-1:0, ABH-1:1, ABH-1:2 and ABH-
1:3 hydrogel beads were prepared according to the same proce-
dure. The fabrication process of ABH-1:3 is depicted in Scheme 1.
3. Characterization

The morphology and microstructure of as-prepared ABH hy-
drogel beads was obtained by scanning electron microscopy (SEM,
JSM-6460LYV, JEOL, Japan). The specific surface area and pore diam-
eter of the samples were performed by nitrogen adsorption-desorp-
tion experiments at 77.3 K (Quantachrome AutosorbNOVA2200e,
USA) after the samples were degassed in the flow of N, at 110°C
overnight. The phase structures were observed using X-ray dif-
fraction (XRD, Shimadzu XRD-6100 diffractometer) at 40 kV and
40 mA for Cu Ke radiation (1=1.5406 A) from 10 to 80° at a scan
rate of 8° min . Fourier Transform infrared spectra (FTIR, Perkin-
Elmer, USA) at a resolution of 4cm™" in the wavenumber range of
4,000-400 cm ™ were acquired using KBr pellets to identify the func-
tional groups of the synthesized sorbents. The pH was determined
using a pH meter (pHS-2E LEICI Instruments, China), and the pH
values of MB solution were adjusted by adding 0.1 M solution of
HCI or NaOH.
4. Batch Adsorption Studies

Batch experiments were conducted to evaluate the adsorption
performance of ABH-1:3 towards MB. To optimize MB removal
conditions, a series of parameters including the effects of pH (2.0-
12.0), contact time (0-24 h), initial MB concentration (30-800 mg L")
and temperature (298-318 K) were investigated. For batch adsorp-
tion experiments, about 10 mg of ABH-1:3 adsorbent was added
to the 50 mL conical flask containing 20 mL MB solution of desired
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concentrations (30-800 mg L") for a certain time at 298 K. Subse-
quently, the adsorbent was separated by a 4.5 um pore size mem-
branes and the residual concentrations in the solution was imme-
diately determined by a double beam UV-Vis spectrophotometer
(UV-1600PC, Shanghai Mapada Instruments, China) at the wave-
length of 664 nm.

All of these adsorption experiments were repeated three times,
using average values as the results, and the standard deviations of
three times experiments were denoted by error bars. The equilib-
rium adsorption capacity (Q, mg g ") and the removal efficiency
(R%) were calculated using the following equations [27,28]:

C,—C)V

Qt:( OM t) (1)
C,-C

R%= Oc 1%100% )

0

where Q, (mg g ') is the equilibrium adsorption capacity, C, and C,
(mg L") are the concentrations of MB at initial and time t, respec-
tively. V (L) and M (g) are the volume of MB solution and the ad-
sorbent dosage, respectively.
5. Column Adsorption Studies

Fixed-bed column adsorption experiments were carried out using
a glass column (0.8 cm inner diameter x12 cm) in which the ad-
sorbents (0.035 g) were added from the top of the column and the
final bed depth was 10 cm. Glass wool was placed at both ends of
the column to avoid the hydrogel beads leaving the column. The
MB solution with predetermined initial concentrations (50, 100,
and 200 mg L") was pumped upwards through the glass column
using a peristaltic pump at a desired flow rate. The effluent solution
was collected in regular time intervals and then measured using an
UV-Vis spectroscopy. Breakthrough curves were obtained by plot-
ting C,/C, against t. Column mode parameters were calculated ac-
cording to previous reported studies [21,29]. All the experiments

were at room temperature (298+2 K).
The treated effluent volume V, (mL) can be calculated using the
following equation:

V=Qt, 3

The maximum column adsorption capacity q,,,; (mg) was calcu-
lated as follows:

Vi
Qtotal= J.O (CO - Ct)dV (4)

where C, (mg L"), C, (mg L"), Q (mL min ') and t (min) are the
influent MB concentration, the effluent MB concentration, volu-
metric flow rate and the total flow time, respectively.

The amount of MB adsorbed at equilibrium in the column was
evaluated according to the following equation:

= ot 5)
m

where m (g) is the mass of adsorbent in the column.
RESULTS AND DISCUSSION

1. Texture and Surface Characterization of the Materials

The XRD patterns of nano-CaCO; powder and ABH-1:3 are pre-
sented in Fig. S2. Nano-CaCO,; has characteristic diffraction peaks
at 200f 23.0° (012), 29.4° (104), 31.5° (006), 36.0° (110), 39.5° (113),
43.2° (202), 47.5° (018), 48.5° (116) and 57.6° (122), corresponding
to calcite phase of CaCO; (JCPDS no. 005-0586), respectively [30].
Meanwhile, the ABH-1:3 has two broad diffraction peaks on the
X-ray diffraction pattern, including the peak at 26 of 22.5° and the
low-angle peak at 26 of 13.4°, which could be attributed to the shell
structure of alginate [31]. In addition, all characteristic peaks of
CaCO; disappear in the XRD pattern of ABH-1:3, indicating that
CaCO; had been completely removed from the hydrogel beads by

Fig. 1. The surface morphologies of SEM images of ABH with different nano-CaCO; contents (a) ABH-1:0, (b) ABH-1:1, (c) ABH-1:2 and

(d) porous ABH-1:3.
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Fig. 2. The photos of ABH-1:0, ABH-1:1, ABH-1:2 and ABH-1:3.

a simple acid treatment.

The surface morphologies and microstructures of ABH-1:0, ABH-
1:1, ABH-1:2 and porous ABH-1:3 were characterized by SEM, and
the results are in Fig. 1. As shown, hydrogel beads have an intercon-
nected porous structure which contains abundant pores with the
width of numerous nanometers and the pores become slightly
smaller with increasing the nano-CaCO; in ABH from 1:1t0 1:3
(Fig. 1(b), (c), (d)). As shown in the photos of Fig. 2, all the parti-
cles are spherical with a remarkably similar size of 3-5 mm except
ABH-1:0 whose particle size is in the range of 2-3 mm after freeze-
drying. This may be attributed to the fact that addition of CaCO;
could diminish the possibility of the collapse of hole after freeze-
drying, which could significantly improve the specific surface area
of adsorbent and further enhance the adsorption performance of
porous hydrogel beads.

Fig. 3 shows the N, adsorption desorption isotherms and the
pore size distribution curves of four adsorbents. The observed iso-
therms (Fig. 3(a)) of four adsorbents correspond to the typical type-
IV isotherm, which is a typical characteristic of mesoporous mate-
rials. Compared with other adsorbents, ABH-1:0 exhibits an H,-
type hysteresis loop, whereas ABH-1:1, ABH-1:2 and ABH-1:3 are
H,-type hysteresis loop in the relative pressure (P/P,) range of 0.3-
1.0. In addition, typical capillary condensation was observed within
the relative pressure range of 0.4-0.95 for ABH-1:1, ABH-1:2 and
ABH-1:3. According to the BJH pore size distribution (Fig. 3(b)),
it was observed that the porous ABH pore size is less than 5nm,
indicating that ABH has relatively uniform mesoporous structure
[32]. Note that the mesoporous structure is advantageous for mass
transfer between the solid phases and the aqueous. Thus, the porous
ABH-1:3 (2.01 nm) might facilitate the adsorption of MB mole-
cules, considering that the molecular size of MB is only 1.382 nm
[33]. The textural properties of all prepared adsorbents are summa-
rized in Table S2. It was observed that, the BET surface area of the
four samples was 21.8, 57.5, 73.0 and 91.9m’ g, respectively, which
might be attributed to the gradual decrease in pore size. With the
increase of the proportion of CaCO;, the samples surface area also
increased, which is favorable for promoting its adsorption perfor-
mance [34]. Moreover, the total pore volume and average pore diam-
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Fig. 3.N, adsorption and desorption isotherms (a) and BJH pore
size distributions (b) of ABH-1:0, ABH-1:1, ABH-1:2 and
ABH-1:3.

eter decreased gradually from 0.116 to 0.043 cm’ g and from 5.79
to 3.449 nm, respectively, suggesting that more mesoporous struc-
tures were present with the removal of nano-CaCO;. The increase
in proportion of nano-CaCO; during the synthesis process is favor-
able for the formation of the developed porous framework.

The FT-IR spectra of the CaCO;, ABH-1:0 ABH-1:3 and ABH-
1:0-MB are shown in Fig. S3. The strong peaks of all the samples
at 3,435cm" correspond to the -OH stretching vibrations. The peak
at 2,926 cm™" relates to the axial stretching vibrations of aliphatic
C-H, and the weak peak at 1,079 cm™ originates from -C-O stretch-
ing vibration which is similar to that of previous studies [35]. The
peaks located at 1,623 cm™" of all the samples can be attributed to
the presence of COO™ groups in alginate [36]. From the compari-
son of ABH-1:3 and CaCO;, the peaks at 2,513 cm™" and 1,796 cm™"
disappeared, indicating that CaCO; was removed from hydrogels,
which is consistent with the XRD results (Fig. S2). By comparing
the result of ABH-1:3 before and after MB sorption, it can be seen
that many functional groups transferred or appeared. For example,
the peak located at 1,079 cm™" was increased to 1,135 cm . In con-
trast, the peaks at 1,337 and 885.5 cm™" appeared after adsorption.
It dlearly proves that the adsorption process had taken place between

Korean J. Chem. Eng.(Vol. 35, No. 12)
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Fig. 4. Effect of the pH on the MB adsorption onto ABH-1:3 (adsor-
bent dose, 10 mg; volume, 20 mL; initial concentration of MB,
700 mg L™’; contact time, 24 h and temperature, 298+2 K).

dye molecules and porous alginate beads [22].
2. Effect of pH on MB Adsorption

The pH of solution played a vital role in affecting the adsorption
process of the pollutants, especially for the adsorption capacity. The
effect of solution pH on the adsorption of dye over the ABH-1:3
was investigated at a pH range of 2-12, and the results are shown
in Fig. 4. The lowest adsorption capacity of MB was achieved when
the pH value was 2. The adsorption capacity of MB on ABH-1:3
increased from 9362 mg g ' to 1,453.1 mg g ' under the pH range
of 6-12. At low pH, there is intense competition for available ad-
sorption sites between the positive cationic dye molecules and the
H" ions of the solution, leading to the decreased adsorption capac-
ity. By contrast, higher adsorption capacity at a higher pH was at-
tributed to the stronger electrostatic interaction between the adsor-
bent and cationic MB molecules. These results indicated that the
adsorption capacity for MB under basic conditions was found to
be higher than that of acidic conditions. Similar results have been
reported in the previous literature [23,37,38].
3. Adsorption Isotherms

The equilibrium adsorption isotherm plays an important role in
revealing the adsorption mechanism and surface properties. More-
over, the adsorption isotherm helps to describe the interactive
behavior between adsorbed MB and residual dye in aqueous solu-
tion at adsorption equilibrium state. In this study, Langmuir iso-

1400
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4004 = ABH-1:3
14 — Langmuir fit
200 — Freundlich fit
— Temkin fit
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Fig. 5. The adsorption isotherms of the Langmuir, Freundlich and
Temkin (initial concentration, 30-800 mg L'; contact time,
24 h; adsorbent dose, 10 mg and MB solution, 20 mL).

therm, Freundlich isotherm and Temkin isotherm models were
applied to fit the experimental data [39,40]. The equations can be
written as:

_ quLCe

=14 K,C, ©)
1
R, = @)
L1+ K, C,
q.=K;C," ®)
q.=B In(AC) ©)

where q, (mg g ') is the adsorption capacity of MB on the adsor-
bent at equilibrium, and q,, (mg g ") is the maximum adsorption
capacity under ideal conditions. C, (mg L") and C, (mg L") are
the concentrations of MB at initial and equilibrium state, respec-
tively. K; (m’ g') and Ky (mg g ") are the isotherm constants of
Langmuir and Freundlich. n is the intensity of adsorption. A (L
mg ') and B (mg g ') are Temkin isotherm constants.

The values of different parameters such as q,,, K;, n, K5, A and
B could be obtained from the slope and intercept of the plots, which
are shown in Fig. 5, and the results are presented in Table S3. As
shown by the correction coefficient R’, the Langmuir isotherm

Table 1. Comparison of maximum adsorption capacity of various adsorbents for the removal of dye

Adsorbent Q,ax (mg g’l) Reference
Porous alginate-based hydrogel beads 13209 This study
Activated carbon-bentonite-alginate beads 757.0 22
Cellulose nanocrystals and alginate hydrogel beads 256.4 24
Sodium alginate (SA) beads 572 37
Epichlorohydrin-reticulated magnetic alginate beads 261.7 41
Alginate-halloysite nanotube hybrid bead 250 42
Activated organo-bentonite (AOBent)/sodium alginate (SA) composite beads 414 43
Alginate graft-polyacrylonitrile beads 3.51 44

December, 2018
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(0.993) proved more suitable than the other two adsorption iso-
therms, implying the adsorption process belongs to monolayer ad-
sorption with active sites homogeneously distribution over the adsor-
bent surface and no interaction between the adsorbed adsorbate
molecules. The high g, value of 1,426.0 mg g ' was obtained from
Langmuir isotherm, which was best fitted with the experimental
q. values of 1,320.9 mg g ' (Table S3). The above results confirmed
that the MB adsorption performance of ABH-1:3 was dramatically
enhanced compared with other reported adsorbents. For compar-
ative study, the Q,,,, values of ABH-1:3 and other similar adsor-
bents were collected and shown in Table 1 [22,24,37,41-44].
4. Adsorption Kinetics

For evaluating the adsorption performance of an adsorbent, the
search for optimum contact time of the adsorption reaction is neces-
sary. The adsorption kinetics experiments of four different adsor-
bents (ABH-1:0, ABH-1:1, ABH-1:2 and ABH-1:3) were conducted
with the initial MB concentration of 700 mg L™ at 298 K with dif-
ferent contact time (Fig. 6(a)). As depicted in Fig. 6(a), the adsorp-
tion rate and capacity of MB on four samples increased with in-
creasing contact time and all reached equilibrium after 12 h.

Comparing ABH-1:3 with the other three adsorbents, the adsorp-
tion rate of ABH-1:3 was faster than other sorbents within the first
10 min, which could attain 94%, due to the availability of abundant
adsorption sites on the surface. The adsorption equilibrium of ABH-
1:3 was reached within 50 min, which was 28.8-times higher than

1800

B

q¢ (mg g

0.04 ¥=8.77842+7.41026%x

R2=0.999
0.03 -

tiq,

0.02 <

0.01 -

0.00

t (min)

that of ABH-1:0 (1,440 min). It could be attributed to the repul-
sive forces of the internal particle diffusion in the solid and bulk
phases of ABH-1:0, indicating it takes much time to reach equilib-
rium. The rapid adsorption indicates the high removal efficiency
of porous ABH-1:3, which is essential in practical application. In
addition, the maximum equilibrium adsorption capacity of ABH-
1:3 was 1,3209mg g .

In this study, adsorption kinetics was investigated by fitting the
kinetic data with several kinetics models, such as pseudo-first-order,
pseudo-second-order, and intraparticle diffusion kinetic model.
The rate equations can be expressed as follows [42,45]:

—k,

q=q(1-¢ ") (10)
kzqft

4= 1+tk,q, (1)

q.=kt'"*+C, (12)

where q, (mg g ') and q, (mg g') are the sorption amount at time
t and equilibrium condition, respectively; t (min) is the contact time.
k; (min™), k, (g mg™” min™") and k; (mg g’ min'?) are the rate con-
stants of the pseudo-first order, the pseudo-second order, and intra-
particle diffusion, respectively; C; (mg g ') is a constant that char-
acterizes the thickness of the boundary layer.

The kinetics parameters obtained from the plot of experimental

data are all presented in Table S4. The linear fitting lines of three

¥=2.6523-0.0541*x
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Fig. 6. The effect of contact time (a) on the adsorption of MB on different adsorbents; pseudo-first order model (b), pseudo-second order
model (c) and intra-particle diffusion model (d) of MB adsorption on ABH-1:3 (adsorbent dose, 10 mg; initial MB concentration,

700 mg L™’; volume, 20 mL and temperature, 298+2 K).
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Fig. 7. Breakthrough curves (Thomas and Adams-Bohart models)
of (a) ABH-1:0 and ABH-1:3 (bed height, 10 cm; initial con-
centration, 50 mg L™'; flow rate, 5mL min"); (b) different flow
rates (bed height, 10 cm; initial MB concentration, 100 mg

L") and (c) different initial MB concentrations (bed height,
10 cm; flow rate, 5 mL min™) of MB adsorption by ABH-1:3.

kinetic models are depicted in Fig. 6. It can be observed that the

correlation coefficient (R*=0.999) obtained from pseudo-second-
order model was higher than that of other kinetics models, and the

calculated equilibrium adsorption capacity q, of pseudo-second-
order model was closer to the experimental data. Therefore, the
pseudo-second order kinetics model fitted the experimental data
best, which indicates that chemical adsorption was the main rate
controlling step in the adsorption process.
5. Fixed-bed Column Adsorption
5-1. Comparative Study between ABH-1:0 and ABH-1:3

Fig. 7(a) shows the fixed-bed adsorption breakthrough curves
obtained from the adsorption of MB by both ABH-1:0 and ABH-
1:3. The corresponding parameters were calculated and shown in
Table 2. We found that the longer exhaustion time was reached by
ABH-1:3 than ABH-1:0 for the adsorption of MB. Moreover, the
volume of wastewater processed at the exhaustion points of ABH-
1:0 and ABH-1:3 was 1.1 and 5.1 L, respectively. These phenom-
ena can be explained by the fact that the ABH-1:3 has higher spe-
cific surface area compared with the ABH-1:0. The above results
indicate that the adsorption performance of ABH-1:3 towards MB
was much better than ABH-1:0.
5-2. Fixed-bed Column Modeling

In this work, two well-known dynamic adsorption models,
Thomas and Adams-Bohart models, were utilized to describe the
dynamic behavior of fixed bed columns. The Thomas model as-
sumes that the adsorption axial dispersion is negligible in the col-
umn, and the adsorption follows second-order reversible reaction
kinetics. The saturated adsorption capacity and adsorption rate
constant of the adsorption column can be calculated by the Thomas
model, and the expression could be written as [47]:

G L (13)

KyqM
1+exp( Tgo _KThCOt]

While, the Adams-Bohart model assumes that the adsorption rate
is directly proportional to the effective area of the adsorbent and
the solute concentration of the adsorbing species, and the equilib-
rium adsorption is not instantaneous. This model is usually used
to describe the initial stage of the breakthrough curve and can be
expressed as [48]:

C Z
6:) = exp(KABCOt— KABN()F) (14)

where K; (L (minmg) ") and K5 (L (min mg) ") are the Thomas
model constant and the Adams-Bohart kinetics constant, respec-
tively; t (min) is the service time. C, (mg L ™) and C, (mg L") are
the initial concentration and the effluent concentration at time t,
respectively; Q (mL min™"), M (g) and q, (mg g ') are the flow rate,
sorbent mass and adsorption capacity of the adsorbent, respectively.
N, (mg mL™") and Z (cm) are the saturation concentration and the
bed height, respectively; F (cm min™) is the linear velocity which can
be calculated by dividing the flow rate by the column section area.

The parameters of Thomas and Adams-Bohart models can be

Table 2. Fixed-bed column adsorption parameters for MB using ABH-1:0 and ABH-1:3

Adsorbent Q (mL min™") G, (mg LY t, (min) Qrora (ME) q. (mg g’l) Ve (L)
ABH-1:0 5 50 220 1.467 41.905 1.100
ABH-1:3 5 50 1020 66.772 1907.759 5.126
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Table 3. Parameters of Thomas and Adams-Bohart model analyzed for MB adsorption ABH-1:3 in a fixed-bed column

Thomas model

Adams-Bohart model

Parameter - — - - - - 2
Kr (L (min mg) ) q (mgg) K,z (L (min mg) ) N, (mgL™) R

Adsorbent

ABH-1:0 3.03x10™ 468.04 0.7733 320%107° 7966.14 0.6547

ABH-1:3 1.12x10™* 1336.29 0.9359 2.28x107° 42671.93 0.7297

Flow rate (mL min™")

1 1.68x10°° 1002.8 09118 220%x10°° 44851.56 0.7639

3 3.88x107° 1079.5 0.8974 1.00x10°° 82265.06 0.6403

5 6.63x107° 726.16 0.8893 6.00x10°° 93601.99 0.5765

Influent concentration (mg L™)

50 1.09x10™* 1330.84 0.9402 3.37x10°° 43830.52 0.7361

100 7.22x107° 892.11 0.9031 499x10°° 66441.08 0.6798

200 5.38x107° 687.61 0.9063 6.05x10°° 91179.01 0.6601

obtained from the intercept and slope of the plots (Fig. 7), and the
results are presented in Table 3. It was found that the experimen-
tal breakthrough curves were all very close to the Thomas model.
The values of the correlation coefficients (R obtained from the
Thomas model were higher than those of Adams-Bohart model,
indicating that the breakthrough data at all experimental conditions
were well described by the Thomas model. As can be seen that the
value of K; increased with increasing the flow rate and while the
maximum adsorption capacity q, was opposite, because the exter-
nal mass resistance at the surface of ABH-1:3 decreased with the
increase of flow rate. Moreover, the values of K and q, decreased
as the influent concentration increased, due to the limited number
of active sites and unsaturated adsorption at higher influent con-
centrations. Similar results as obtained in this study have been re-
ported [48]. The saturation concentration N, increased with the
increase of flow rate and inlet concentration, while the value of K,
decreased, indicating that the external mass was dominant in the
initial stage of MB sorption. The maximum adsorption capacity of
adsorbent was 1,330.8 mg g ' at an inlet MB concentration of 50
mg L. According to the results, the lower initial concentration had
a higher adsorption capacity of MB onto ABH-1:3 in the column.
6. Adsorption Thermodynamics

To evaluate the thermodynamic feasibility and spontaneity of MB
sorption onto the biocomposites, three basic thermodynamic param-
eters, Gibbs free energy change (AG’), entropy change (AS’) and
enthalpy change (AH’), were calculated by the following equations:

AS AH
InK; = R RT (15)
9e
K== 16
=g (16)
AG=AH-TAS (17)

where K;, R and T are the distribution coefficient (L g '), the ideal
gas constant (8.314] mol ' K') and the absolute temperature (K),
respectively. AH and AS are calculated from the slope and intercept
of the linear plot of In K; versus 1/T. The results are shown in Fig.
S$4 (Supporting materials). The AH, AS and AG values are listed in
Table S5 (Supporting materials). The negative values of AG indi-

cate that the MB adsorption processes were feasibly spontaneous
under the experimental conditions. The negative AH value revealed
the exothermic nature, which corresponded with the phenome-
non those adsorption capacities of MB decreased with the increase
of temperature. It indicated that higher temperature is unfavorable
for adsorption. In addition, the value of AH (~36.35kJ mol ") was
less than 40 kJ mol ', which indicates that the adsorption of MB
on ABH-1:3 can be regarded as physisorption. The positive value
of AS revealed the improved randomness, which occurred at the
solid-liquid interface during the adsorption process.
7. Desorption and Reusability

In addition, reusability and regeneration of adsorbents are very
important parameters for practical applications in the removal of
MB from wastewater. The regeneration of adsorbent after adsorb-
ing MB is shown in Fig. 8. It is shown that the adsorbent still had
a high MB removal efficiency of over 75% even after ten adsorp-
tion/desorption cycles using 0.1 M HCl/ethanol solutions (20 mL) as
an eluent, which proved the effectiveness of regeneration and recy-
cling of the newly fabricated porous hydrogels bead-like sorbent.

M

MB Removal(%)

4 5 6 7 8 9 10

Cycle number

Fig. 8. The reusability of ABH-1:3 for the adsorption of MB (adsor-
bent dose, 10 mg; MB concentration, 700 mg L™ contact time,
1h and temperature, 298+2 K).
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CONCLUSIONS

Porous alginate-based hydrogels (porous ABH) were “greenly”
prepared by facile and sustainable template-assisted method. The
sorption capacities of ABH-1:3 towards MB were thoroughly com-
pared with ABH-1:0 in batch and fixed-bed column adsorption
studies. The ABH-1:3 exhibited a maximum adsorption capacity
of 1426.0mg g ' for MB by Langmuir fitting. Through the load-
ing of nano-CaCO;, the adsorption capacity and adsorption rate
of adsorbent were remarkably improved. The kinetic model can be
well fitted by the pseudo-second order rate equation. The thermo-
dynamic study confirmed that the adsorption was spontaneous and
exothermic. More significantly, after adsorption, ABH-1:3 could
be easily regenerated for at least ten times by using 0.1 M HCl/eth-
anol as the eluent, and the uptake capacity of ABH-1:3 was still
higher than 75% of the maximum adsorption capacity even after
ten cycles. The ABH-1:3 displayed high adsorption capacity, excel-
lent recycling stability and adsorption rate, demonstrating that it
can be a promising material for the removal of MB from aqueous
solution.
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Fig, S1. Influence of SA (a) and CaCl, (b) concentrations on MB adsorption (adsorbent dose, 10 mg; initial concentration of MB, 700 mg L™
volume, 20 mL; and temperature, 298+2 K).
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Fig. S2. XRD patterns of the CaCO; powder and ABH-1:3.

Table S1. ABH prepared with different concentration of Ca** and
SA
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Fig. S3. FTIR spectra of the CaCO; (a), ABH-1:0 (b), ABH-1:3 before
(c) and after (d) MB adsorption.

70

Table S2. Textural properties of the obtained ABH-1:0, ABH-1:1,

SA (W/v) Ca® Quuax (mg g™ ABH-1:2 and ABH-1:3
2% 1% 935.75 Sample Seer (m> g7 Vi (cm® g7 W (nm)
2% 3% 915.58 ABH-1:0 21.819 0.116 579
2% 5% 945.33 ABH-1:1 57.463 0.104 4.801
2% 7% 907.45 ABH-12 73.067 0.050 3798
2% 9% 7547 ABH-1:3 91.935 0.043 3.449
1% 5% 897.6
3% 5% 935.0
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Fig. $4. The relationship between In q,/C, and 1/T for MB adsorption of ABH-1:3.

Table S3. Parameters of the Langmuir, Freundlich and Temkin iso-
therms for adsorption of MB on ABH-1:3

Sample
Isotherm models Parameters
ABH-1:3

Langmuir Qe (MG gﬁl) 1426.0

K, (L mgfl) 0.0284

R’ 0.993
Freundlich Kr (mg g’l) 152

1/n 0.396

R’ 0.912
Temkin AL mg’l) 0.378

B(mgg") 279.49

R’ 0.985

Table $4. Kinetic parameters of pseudo first- and second-order adsorption kinetic models and intra-particle diffusion model

Sample Pseudo-first order Pseudo-second order Intra-particle diffusion
ABH-1:3 q, exp kl Qe, cal R2 kZ e, cal R2 ki,l Rl2 ki,z Rzz ki,S R32
’ 1320.9 0124 1449 0.90 0.01 1349 0.999 16.219 0.927 0.635 0.983 0.005 0.679

Table S5. Thermodynamic parameters calculated for the adsorption
of dyes by the ABH-1:3

Thermodynamic parameters Temperature ABH-1:3

AH (KJ mol™) —36.35
AS (Jmol ' K 102.76
AG (KJ mol ™) 298 K —5.74

308 K —471

318K —-3.68
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