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ABSTRACT

Enteromorpha prolifera, a marine solid waste abundantly available in Asia, was used as a low-
cost precursor to prepare activated carbon (EPAC) using pyrophosphoric acid, HsP,O, as a
chemical activating agent. The effects of impregnation ratio, activation temperature and acti-
vation time on the specific surface area of the activated carbon were investigated through
response surface methodology. The optimum preparation conditions were described as fol-
lows: impregnation ratio, 1.26; activation temperature, 455°C; activation time, 48 min. The
characteristics of EPAC were examined by nitrogen adsorption-desorption isotherms, Fourier
transformed infrared spectroscopy and scanning electron microscopy. The total pore volume
and specific surface area of EPAC under optimum conditions were identified as 1.365 cm®/g
and 1124.1 m?/ g. The EPAC possessed high BJH pore volume, 1.276 cm®/ g and methylene
blue value, 330 mg/g, indicating the existence of abundant mesopores. The adsorption kinetic
data of ciprofloxacin were well fitted to pseudo-second-order model, displaying a monolayer
adsorption capacity for CIP of 216.55mg/g. The equilibrium data can be well described by
Langmuir model. The dominant sorption mechanism is electrostatic attraction.

Keywords: Enteromorpha prolifera; Response surface methodology; Fluoroquinolone antibiotics;
Adsorption mechanism

1. Introduction

In recent years, large-scale break-out of algae has
led to ecological impacts including destruction of
coastal marine habitats, reduction of biodiversity,
economic losses in marine industries and uncou-
pled biogeochemical cycles [1]. Enteromorpha prolifra
(E. prolifra), a green algae, appeared in an unprece-
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dented scale near the shore of Asia-Pacific region [2]. In
summer 2008, 100 million metric tons of E. prolifra
bloomed along the shore of Qingdao (China) and it is
estimated that 1,000 million metric tons of E. prolifra
blooms occurred in Yellow sea, which has a serious
impact on local ocean transportation, water quality and
tourism, especially on the forthcoming Olympic sailing
competition in Qingdao at that time [1,3,4]. The same
blooms appeared again in 2009, 2011, 2012 and 2013
(Xinhua News), indicating the E. prolifra tides have
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turned into a recurrent phenomenon in that region.
Generally, most of E. prolifra are abandoned and only
partial E. prolifra is used as pharmaceutical product,
livestock feed and fertilizer. Therefore, it is urgent to
find a feasible technology to utilize this waste effec-
tively. The main ingredient of E. prolifra is hemicellulose
[2], which gives E. prolifra a huge potential to be a low-
cost activated carbon precursor. In addition, E. prolifra
contains abundant sulphate, hydroxyl, carboxyl and
amino functional groups and these unique physico-
chemical properties make it an ideal alternative as bind-
ing sites for contaminants [5,6].

Generally, two different methods are used for the
preparation of activated carbon, namely physical and
chemical activation [5,7]. Compared to physical activa-
tion, chemical activation can be controlled easily, oper-
ated at relatively low reaction temperature and shorter
reaction time [5]. The common dehydrating activating
agents are considered to be ZnCl, [5,8,9], H;PO, [10,11],
NaOH [12,13] and KOH [14-16]. As an unconventional
activating agent, pyrophosphoric acid (H4P,O;) has
received some attention mainly due to its role in consid-
erably increasing mesopore ratio of the resultant carbons.
Liu et al. discussed the influences of H,P,O, species
transformed by H3;PO, on the carbons [17]. Sun et al.
reported the comparison of arundo donax Linn derived
carbons with H4P,O, activation via conventional and
microwave heating methods [18]. However, there are no
reports on the optimal preparation of E. prolifra-based
carbons by H,P,O; activation. Therefore, it is necessary
to investigate the effects of activation conditions on the
E. prolifra-derived carbons. Furthermore, the preparation
of E. prolifra-derived carbons not only introduces a novel
treatment method for this waste material, but also pro-
vides a renewable and cheaper raw precursor for the
preparation of carbons. Ciprofloxacin, as one of the most
common fluoroquinolone antimicrobials in water, can
lead to the spread of antibiotic-resistant bacteria, disrupt-
ing of hormone features and ecosystem function.
Therefore, ciprofloxacin (CIP) was chosen to be a
targeted pollutant in this study.

The aim of this work was to systematically investi-
gate the effects of each condition and the interactions
of the conditions on specific surface area of the pre-
pared carbon via response surface methodology.
Moreover, the adsorption properties and mechanism
of the carbons toward ciprofloxacin was evaluated.

2. Materials and methods
2.1. Raw material

E. prolifra, obtained from Qingdao, Shandong,
China, was washed with deionized water to remove

dust and impurities, and then dried at 70°C for 12 h to
remove surface water. Finally, the cleaned E. prolifra
was crushed using a grinder crusher and sieved to
desired size (75-2000 um). CIP (supplied by Sangon
Biotech, Shanghai, China) of purity 99.6% was used as
an adsorbate. The other reagents were all of analytical
grade.

2.2. Preparation of activated carbon

E. prolifra was firstly mixed with pyrophosphoric
acid at different mass ratio and soaked for 12 h. Subse-
quently, the mixture was placed in a chamber electric
furnace (KSY-4D-16), heated to desired temperature at
a heat rate of 10°C/min and maintained for different
activation time. After cooling to the room temperature,
the samples were washed with deionized water until
the pH of the supernatant became stable (7.0 +0.5).
Afterwards, the activated products were dried,
crushed and sifted to obtain desired powder with
a particle size of 75-150um for the following
experiments.

2.3. Experimental design and statistical analysis

In this study, a classical RSM design, known as
Box and Behnken design (BBD) was applied to
investigate the interactions of each variable in order to
find the optimum conditions for the preparation of
E. prolifra based activated carbon. RSM, a useful math-
ematical and statistical technique, has been applied
widely for the optimization of experimental conditions
[19,20]. The total number of experiments T, is calcu-
lated according to the following equation:

T,=2"4+2n+1 (D

Therefore, a total of 17 experiments were contained
in this design, including five repeated experiments
observations at the central point, to evaluate the
experimental error. The quadratic equation model was
applied to predicate the experimental observations.
The model was expressed as follows:

y=a+ Zaixi + Zaiixﬁ + Zaijxixj 2)

where y is the predicted response, a4y is the constant
coefficient, a; is the linear coefficient, a; is the
quadratic coefficient, a; is the different interaction
coefficient and x; and x; are the coded independent
variables. The statistical significance, regression
analysis and response surfaces were obtained to
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predict the optimum preparation conditions resulting
in maximum specific surface area of activated carbon.
The analysis of variance (ANOVA) was conducted to
evaluate the statistical significance of variables. F-test,
correlation coefficient (R*) and amendatory correlation
coefficient (R,q") were used to express the quality of
fit of the model.

2.4. Characterization of activated carbon

The prepared carbons under optimum conditions
were characterized to identify its texture properties
and chemical characters. The textural characterization
of EPAC was carried out using N, adsorption—-desorp-
tion isotherms at 77 K by an automated pore size and
surface area analyser (JW-BK122 W). The samples
were pretreated by heating at 200°C under vacuum
condition for 120min to remove surface water and
other impurity gases. For the measurement data, the
specific surface area (Sggr) was obtained by Brunauer—
Emmett-Teller equation. The micropore surface area
(Smic) and micropore volume (Vi) were analysed by
t-plot method. The total pore volume was obtained
according to the amount of nitrogen adsorbed at the
relative pressure P/Py=0.99. The average pore size
was calculated based on the equation Dac=4V/Sggr.
The external volume (V) was calculated by deduct-
ing Ve from Vi, and the external area (S.y;) was cal-
culated by deducting Sp;c from S

The morphological features of EPAC were observed
by scanning electron microscope (SEM Hitachi S-520,
Japan). The surface functional groups of activated car-
bon were recorded by Fourier transformed infrared
spectroscopy (Avatar 370) and the spectra were varied
from 400 to 4,000 cm™'. The zeta potentials of the sam-
ples were determined using Zetaplus Particle apparatus
(JS94H, China). Adsorption experiment was performed
by agitating 0.1 g of adsorbent with certain amount of
methylene blue solution in 100 mL Erlenmeyer flasks at
20 +5°C for 25 min. Then, the supernatant solution was
filtered using filter paper to determine the residual
dye concentration by spectrophotometric method at
Amax =665 nm. The absorbance value was compared
with that of 0.4% copper sulfate solution. The dosage of
methylene blue was changed until the deviation
between those two values was less than 0.02. The con-
sumed amount of methylene blue was considered to be
the so-called methylene blue value.

2.5. Ciprofloxacin adsorption

The adsorption experiments of CIP were per-
formed in order to evaluate the adsorptive capacity of
the prepared activated carbon. The adsorption kinetic

experiments were performed at room temperature
with different initial CIP concentration of 101, 199 and
289 mg/L, respectively. The 250 mL Erlenmeyer flasks
containing 0.05g activated carbon and 50 mL various
initial concentrations of CIP solution were used to
carry out the kinetic experiment. The flasks were
placed on a constant temperature bath oscillator with
a speed of 150 rpm. Small volumes of samples were
periodically withdrawn and filtered with a 0.45um
micro-pore membrane. The concentrations were
measured by UV-visible spectrophotometer (TU-1810,
Beijing) at maximum absorbance wavelength,
(Amax =270 nm) according to the previous research [21].
The final sample was maintained for enough time to
ensure adsorption equilibrium and the adsorption
experiments were performed in triplicate so as to
reduce errors. Adsorption isotherms experiments were
conducted with CIP concentration ranging from 50 to
500mg/L. The initial pH values of CIP solution were
adjusted with sodium hydroxide or hydrochloric acid
solution. The amount of CIP absorbed per unit mass
of the sorbents, g. was calculated by:

(CO - Ce)
e = % 3
q i 3
where M (g) was the mass of adsorbents and V (L)
was the volume of CIP solution. C. (mg/L) and C,
(mg/L) were the equilibrium and initial concentra-
tions of CIP, respectively.

3. Results and discussion
3.1. Preparation of activated carbon using BBD model
3.1.1. Development of regression model equation

BBD was used to develop the correlations between
the preparation variables (including impregnation
ratio, activation temperature and activation time) and
the specific surface area. Table 1 shows the design
matrices together with the response values obtained
through the practical experiments. The specific surface
area was found to vary from 620 to 1,110m?/g. The
quadratic models were selected to fit the response
function, as suggested by the Design Expert 7.0 soft-
ware. The final models in terms of coded and actual
factors were shown as follows:

y2(coded) = 1,095 + 136.5x1 — 13.12x, — 70.13x3
— 2x1X2 + 75x1x3 — 45.75x0x3 — 69.63x%
— 128.88x3 — 90.873

4)
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Experimental design matrix of Box-Behnken design.
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Activated carbon preparation variables

Response (BET specific surface

Runs Levels Ratio  Activation temperature (°C)  Activation time (min) area (m?/ g)
1 -1 0 -1 045 450 30 984
2 0 0 0 0.90 450 60 1,106
3 0 +1 -1 0.90 500 30 957
4 -1 -1 0 0.45 400 60 783
5 +1 0 -1 135 450 30 1,099
6 0 0 0 0.90 450 60 1,085
7 0 +1 1 0.90 500 90 799
8 0 -1 -1 090 400 30 860
9 0 0 0 0.90 450 60 1,094
10 0 -1 +1 090 400 90 885
11 -1 0 +1 045 450 90 620
12 -1 +1 0 0.45 500 60 729
13 0 0 0 0.90 450 60 1,110
14 0 0 0 0.90 450 60 1,080
15 +1 0 +1  1.35 450 90 1,035
16 +1 -1 0 1.35 400 60 1,068
17 +1  +1 0 1.35 500 60 1,006
yz(actual) = —10,560 + 628.89x1 + 48.04x, + 18.50x3 Normal Plot of Residuals
— 0.089x1x, + 5.56x1x3 — 0.031x2x3
— 343.83x7 — 0.052x3 — 0.10x3
®) %7
- (=)
Positive and negative signs prefixing the terms E o
indicated the synergistic and antagonistic effect, z %73 =
respectively. The correlation coefficient (R?) and amen- g gg: o 5
datory correlation coefficient (Radjz) were introduced 2 50 . o
to evaluate the quality of the model, which were X =
0.9633 and 0.9161. The R? and Radjz were relatively E gg: >
high, indicating an excellent agreement between the 2 102 5
model prediction and the experimental data. Fig. 1 53 g
shows the experimental values were close to the pre- 1
dicted values, implying the developed model was 7
good at capturing the correlation between the prepara-
tion variables and specific surface area. ‘ ‘ ‘ ‘ ‘
-2.39 -1.19 0.00 1.19 2.39

The ANOVA for the quadratic model is listed in
Table 2. The model F-value of 20.4 implied the model
was significant. In this study, the values of Prob.>F
less than 0.05 illustrated the model terms were signifi-
cant. It was found that all three variables were indi-
rectly and directly involved in enriching the specific
surface area. Among all the variables, impregnation
ratio was found to have the largest influence (thanks
to the highest value of F), and the interaction between
the impregnation ratio and activation time had consid-
erable influence on the production of EPAC with
higher specific surface area compared to other
interactions. The activation time has considerable

Internally Studentized Residuals

Fig. 1. Predicted versus experimental specific surface area
of EPAC.

influence on the specific surface area too, second in
importance. Otherwise, the activation temperature and
interaction between impregnation ratio and activation
temperature have least significant influence on the
specific surface area. Hence, the influence of variables
on the specific surface area was in the order: impreg-
nation ratio > activation time>the interaction between
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Table 2

Variance analysis of response surface quadratic model for BET specific surface area

Source Sum of squares Degree of freedom Mean square F value Prob. >F
Model 359,200 9 39,914.02 20.40 0.0003
X 149,100 1 149,100 76.19 <0.0001
X2 1,378.13 1 1,378.13 0.7 0.4290
X3 39,340.13 1 39,340.13 20.11 0.0029
X1 X 16.00 1 16.00 0.0082 0.9305
X1 X3 22,500 1 22,500 11.50 0.0116
X5 X3 8,372.25 1 8,372.25 4.28 0.0774
x,2 20,411.12 1 20,411.12 10.43 0.0145
x° 69,931.64 1 69,931.64 35.75 0.0006
X3 34,771.64 1 34,771.64 17.77 0.0040
Residual 13,694.25 7 1956.32 - -

impregnation ratio and activation time > the interaction
between activation temperature and activation
time > activation temperature >the interaction between
activation temperature and impregnation ratio.

3.1.2. Effect of operating variables on BET specific
surface area

Fig. 2 demonstrates the interaction effects
between the variables in contours and three-dimen-
sional plots. Fig. 2(a) and (c) show the effect of
impregnation ratio on specific surface area. The spe-
cific surface area was found to improve progres-
sively with the increase of impregnation ratio and
almost maintained stable with higher ratio. This
phenomenon was attributed to the interaction
between the activating agent and raw material,
which could be explained as follows: (1) the diffu-
sion of pyrophosphoric acid into the structure of
E. prolifra can be promoted as a result of suitable
increase of activating agent; (2) new channels (pores)
can be produced due to more volatilisation of phos-
phorus compounds from activating agent pyrolysis;
(3) the rupture of the carbon bridges may be caused
by the surplus amount of activating agent; (4) an
insulating layer around the raw material can be
formed with the surplus activating agent and pre-
vent the penetration of activating agent into the par-
ticles [10].

The effect of activation time on specific surface area
is shown in Fig. 2(a) and (b). It can be seen that the
specific surface area increased from 620 to 1,110 m?/ g,
with the activation time ranging from 30 to 60 min and
then decreased with prolonged activation time. The
sufficient activation time may lead to more pores
formed inside the material. However, it was not neces-
sary to prolong the activation time beyond a certain

value. Cafer Saka et al. [22] have reported that the
excessive activation time would cause external shrink-
age and collapse of the carbon framework. According
to the BBD model analysis, 48 min is a suitable time for
activation in consideration of the specific surface area
of the prepared carbons.

Fig. 2(b) and (c¢) illustrates the role of activation
temperature in specific surface area. The specific sur-
face area was found to increase rapidly with the tem-
perature, with the maximum at 455°C, and then
gradually decreased with further increase of the acti-
vation temperature. This phenomenon was because
increasing temperature improved the release of low-
molecular volatiles from the matrix structure, leading
to development of pore. This pyrolysis volatilization
process indirectly enhanced the numbers of pores and
consequently improved the specific surface area.
Whereas, the burn-offs of the existing pores could be
generated as a result of higher activation temperature.
Theydan et al. [23] reported that sintering effect at
high temperature could cause the shrinkage of the
char and realignment of the carbon structure, which
resulted in reduced pore areas as well as volume.

3.1.3. Process optimization

According to the reported results, the optimum
preparation parameters with high specific surface
area were obtained using a numerical optimization
method. The optimum conditions were identified as:
impregnation ratio of 1.26, activation temperature of
455°C and activation time of 48 min. Table 3 shows
that the experimental values were in good agree-
ment with the predicted values from BBD model,
with considerably small deviations between the
actual and predicted values, which was only 2% for
specific surface area.
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Fig. 2. Contours and three-dimensional response surface plots of specific surface area for EPAC: (a) effect of impregnation
ratio and activation time, (b) effect of activation time and temperature, and (c) effect of impregnation and temperature.
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3.2. Characterization of activated carbon prepared under
optimum condition

3.2.1. Porous structure analysis

Fig. 3 shows the pore size distribution and adsorp-
tion—desorption isotherms of N, at 77 K for the carbon
prepared under optimum condition. The isotherms
possessed both type I and type IV isotherms in accor-
dance with the porous structure parameters in Table 4,
indicating the microporous-mesoporous structure of
the prepared carbon. Moreover, the volume of microp-
ores accounts for less than 20%, confirming their
mainly mesoporous nature for the prepared carbons.
The isotherm resembled an apparent hysteresis loop
with the relative pressure increasing to 0.7, further
implying the successful development of mesoporosity
for the prepared carbons. This phenomenon demon-
strated that pyrophosphoric acid, as an activating
agent, had played an important role in the develop-
ment of mesoporous for the raw materials. Table 5
provides a comparison of the adsorption capacities of
carbons for methylene blue which were prepared by
various precursors and activating agents [24-28]. The
highest methylene blue (330 mg/g) demonstrated that
the prepared carbons were developed in mesopores
tremendously again.

3.2.2. Surface morphology analysis

Scanning electron microscopy (SEM) technique
was introduced to observe the surface morphology
of the raw precursor and activated carbon. Fig. 4(a)
showed that E. prolifra, as green algae, possessed
special hollow cellular wall structures. It can be
obviously seen from Fig. 4(b) that there are some
pores on carbon’s surface. Those cavities were
pronounced, uniform, honeycomb-like, resulting
from the evaporation of impregnated pyrophos-
phoric acid derived compounds or chemical reac-
tion between the raw precursor and activating
agent, or the space formerly occupied by the acti-
vating agent.

Table 3
Process optimization validation

2.0
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]
800 - .:...J
1.6 ~ -
[ 2 600 o
E g
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- 400
E 124 E -
= S
D ~ 200
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g 044
¢
| [
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pore width (nm)

Fig. 3. Pore size distribution and adsorption-desorption
isotherms of N, at 77K for EPAC.

3.2.3. Fourier transformed infrared analysis

The properties of prepared carbons are not only
related to the texture structure but also to the surface
functional groups. The FT-IR spectra of activated car-
bon are presented in Fig. 5. It was shown that the
broad bands around 3,400 cm ™! were attributed to the
O-H stretching vibration of phenol, carboxylic and
alcohol [29,30]. The bands around 1,564 cm ' were
derived from the C=O stretching vibration of carbox-
ylic acid or quinone type structure, which was possi-
ble as a result of the extraction of OH groups or H
element from the aromatic rings existing in the
impregnation and heating treatment process owing to
the dehydration of pyrophosphoric acid [20]. The
sharp peaks at 1417cm™' were associated with the
vibration of —CH,. The intense absorption peak at
1,110 cm ! indicated the existence of P=0O bond in
phosphate esters or C-O bond in carboxylic [31-33].
Some weak bands also appeared around 500cm™’,
which corresponded to the out-of-plane bending
pattern of O-H or C-H group. The analysis
above implied that there were some carbonyl and
hydroxyl acidic functional groups on the surface of

BET specific surface area

(m*/g)
Parameter =~ Impregnation ratio  Activation temperature (°C) Activation time (min) Predicted Experimental
Value 1.26 455 48 1,147 1,124
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Table 4

Porous structure parameters of EPAC

Sample Sggr (m?2/ 8) Smic (m?2/ g) (%) Sext (m?/ g) (%) Vi (cm3/ 8) Vimic (cm®/ g) (%) Vimec (cm®/ g) (%) Dac (nm)
EPAC 1,124.1 4314 384 692.7 61.6 1.365 0.212 15.53 1.153 84.47 4.855
Table 5

Comparison adsorption capacities of methylene blue for various carbons

Precursor Activation agent Adsorption capacity (mg/g) Reference
Enteromorpha prolifera H4P,0; 330 Present study
Piassava fibers ZnCl, 180 [28]

Rice straw (NH,),HPO, 129 [27]

Durian peel CO, 284 [26]

Bamboo H3PO, 286 [29]

Cotton stalk KOH 294 [24]

Fig. 4. SEM micrographs of (a) EP and (b) EPAC (2000x%).

prepared carbon, which may have some influence on
adsorption.

3.3. Adsorption experiments
3.3.1. Adsorption kinetics

The diagrams in Fig. 6 show the effect of CIP ini-
tial concentration and contact time on the adsorption
of CIP onto EPAC. The CIP concentration decreased
rapidly in the first 3h, and then the equilibrium was
gradually obtained within 6h. It can also be realized
that a longer time was required to reach equilibrium
with the increase of CIP initial concentration due to

the drastic competition of CIP molecules on the
definite active sites of the adsorbents. As the initial
concentration of adsorbate increased from 101 to
289 mg/L, the maximum removal rate was found to
decrease from 100 to 74.5%. The removal rate was cal-
culated according to the following equation:

Removal (%) = Cq—eV x 100% (6)
0

where g. (mg/g) and Cp (mg/L) are the amount
absorbed of CIP per unit mass of EPAC and the con-

centration of CIP at initial time. V is the solution vol-
ume (L). Because the adsorption capacity of the
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Fig. 6. Adsorption kinetics of CIP onto EPAC using nonlin-
ear pseudo-first-order model and pseudo-second-order
model.

adsorbing material was limited and constant, the acti-
vated carbon tended to saturate with the increase of
the initial concentration of adsorbate. Hence, the maxi-
mum removal rate decreased from 100 to 74.5% while
the initial concentration of adsorbate increased from
101 to 289 mg/L. In this study, the nonlinear curve-
fittings of pseudo-first-order model, pseudo-second-
order model and intra-particle diffusion model were
introduced to understand the mechanisms of adsorp-
tion kinetic. The equations are expressed as follows:

g =qe(1— e @)

2
o E]Ckzt
1= 1 kot @)

o= ka2 C ©)

where k; (min "), k, (g/mgmin) and kp; are rate con-
stants of pseudo-first-order, pseudo-second-order
models and intra-particle diffusion model, and g. and
gr represent the adsorption amount of CIP onto EPAC
at the time of equilibrium and t. Table 6 clearly shows
that the adsorption kinetic data were fitted by the
pseudo-second-order model very well with a higher
R* (>0.999). In addition, the values of calculated g,
agreed with the experimental data in the case of the
pseudo-second-order kinetics, indicating the chemical
adsorption progress involved valence forces through
exchanging or sharing of electrons between adsorbate
and sorbent [34,35]. Besides, the values of the second
order rate constant k, decreased with the increasing
initial CIP concentration, indicating that the lower
sorption rates were obtained. This behaviour can be
attributed to the more intense competition for the sur-
face sorption sites at higher initial CIP concentrations.
The intra-particle diffusion model was applied to
investigate the adsorption process and understand the
adsorption mechanism. The curve-fitting plots are
demonstrated in Fig. 7 and the corresponding parame-
ters are summarized in Table 6. It can be observed
that the plots can be divided into two stages: a sharp
rise stage and a mild rise stage. At the sharp rise
stage, the diffusion of CIP was mainly restricted by
the internal pore structure of the EPAC. At the mild
rise stage, the diffusion of CIP was retarded by the
formerly adsorbed molecules. The values of the inter-
cept were not zero, revealing that the boundary layer

Table 6
Adsorption kinetic constants for the adsorption of CIP
onto EPAC

Co (mg/L) 101.47 199.03 289.98
qe(exp) (mg/g) 100.57 189.47 216.06
First-order kinetics
ki (min™") 0.0061 0.0027 0.0010
ge(cal) (mg/g) 4.85 55.34 71.09
R? 0.7042 0.8790 0.6099
Second-order kinetics
kx(g/mg min) 845x107° 295x107* 273x107*
ge(cal) (mg/g) 100.93 184.02 216.55
rR? 1.0000 0.9998 0.9999
Intra-particle diffusion
Ky (mg/g min'/?)  30.744 17.52 13.356
C 8.5211 29.6 58.317
rR? 0.9112 0.8652 0.8222
Kpz (mg/g min'/?) 1.7286 3.6404 1.3013
C 89.387 105.56 174.11
rR? 0.9706 0.9901 0.9923
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diffusion may be the rate-limiting step for CIP adsorp-
tion onto the EPAC. In addition, the intercept values
increased with increasing initial CIP concentrations,
implying that the effect of boundary layer diffusion
on adsorption was more dominant at higher initial
CIP concentration.

3.3.2. Adsorption isotherm

The analyses of adsorption isotherms data are the
most important to elaborate the mechanism of the
adsorption system. Therefore, Langmuir, Freundlich
and Dubinin—-Radushkevich isotherm models were
applied to provide an insight into the adsorption
behaviours. The Langmuir model assumes that the
sorption process happens at specific homogeneous
sites with no transmigration of adsorbate to the adsor-
bent surface [36]. The Freundlich model assumes that
the sorption process occurs on heterogeneous surfaces
with different binding energies for all adsorption sites
[37]. The Dubinin—-Radushkevich model assumes that
the sorption process occurs on both heterogeneous
and homogeneous surfaces [36]. The equations are
described as follows:

Ce 1 1
——=_——4+—C, (10)
qe Omb  Om

1
Re=1706 (v
logg. = log Kr + (1/n) log C, (12)
Inge = Ingy — kage? (13)

200
~ / b
&b 120 b
)
E
S 80+ 101 mg/L Stagel 7
101 mg/L Stage2
40 4 199 mg/L Stagel |
199 mg/L Stage2
289 mg/L Stagel
0- 289 mg/L Stage2 |
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0 4 8 12 16 20 24 28
Time (min)

Fig. 7. Adsorption kinetics for CIP adsorption onto EPAC
using intraparticle diffusion model.

¢=RTIn(1+1/C,) (14)

E =1/(2kuq)"? (15)

where C, (mg/L) is the concentration of CIP at equi-
librium time. b (1/mg), K (mg/gd/ mg)l/ M), and kuq
(mol*kJ ) are the Langmuir, Freundlich and Dubinin—
Radushkevich constants. Q,, and g5 (mg/g) are the
monolayer adsorption capacity and theoretical satura-
tion capacity of the adsorbent. R and T are the gas
constant (8.314 ] /mol K) and solution temperature (K).
The isotherm parameters and correlation coeffi-
cients were calculated and represented in Table 7. The
highest monolayer adsorption capacity of 333mg/g
was comparable to what was reported on a commer-
cial activated carbon sample, which demonstrated that
EPAC was a considerably efficient adsorbent. The bet-
ter adsorption capacity was attributed to the higher
specific surface area and abundance of functional
groups of the prepared carbons. It can be seen that
the adsorption data of CIP could be best fitted by
Langmuir isotherm model because its correlation coef-
ficient was closest to one, compared with the Freund-
lich and Dubinin-Radushkevich models. This result
reflected that homogeneous and monolayer adsorption
was predominant and no steric hindrance and lateral
interaction occurred between CIP and the absorbent.
The value of dimensionless constant (Ry) reflects
whether the type of isotherm is unfavourable (Ry > 1),
or linear (R =1) favourable (0 < R; < 1), or irreversible
(R =0). Table 7 represents the calculated value of R,
was between 0 and 1, suggesting that the adsorption
of CIP onto EPAC was favourable. The n value of
Freundlich isothermal equation gives an indication on
the favourability of the adsorption. The result shows
that the value of n was 6.99, implying beneficial
adsorption of CIP onto EPAC, which was in good
agreement with the analysis above. E is the free
energy change of adsorption, while one mole of
adsorbate ions is transmitted from boundlessness in
the solution to the surface of adsorbent. The value of
E can give an indication of the adsorption mechanism.
If the value of E lies in the range of 20-40kJ/mol, this
indicates chemisorption. If the value of E is between 8
and 16 kJ/mol, this indicates that adsorption occurred
by ion-exchange. Whereas, if the value of E is
between 1 and 8kJ/mol, physical adsorption would
be the most probable adsorption mechanism involved.
In Table 7, the value of E (2.67 kJ/mol) was found
between 1 and 8kJ/mol, the adsorption mechanism
involved in CIP onto EPAC was physical adsorption.
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Table 7

Isotherm parameters for CIP adsorption onto EPAC at 293K

Langmuir model

Freundlich model

Dubinin—-Radushkevich model

Isotherms
(constants) Q. (mg/g) b(L/mg) Rp rR? Kg (mg/g1/mg)'/™ n rR? E (K/mol) g, (mg/g) R*
Values 333.3 0.4225 0.0046 0.9978 167.10 6.99 0.8420 2.6726 294.36 0.8869

3.3.3. Adsorption mechanisms

The solution pH may affect the surface charge
properties of both adsorbent and adsorbate. Fig. 8(a)
shows the influence of solution pH on the adsorption

(a) 1.0 .. e
‘\ P f*‘ o —=—1ICP*
\ PN e telall
08 4 ERY/d 3 / e ICP 20 &
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Fig. 8. (a) Relative proportion of CIP solution speciation as
a function of pH, (b) zeta potential of carbons in CIP solu-
tion, and (c) major mechanisms for sorption of CIP onto
EPAC.

of CIP onto activated carbon. The amount of CIP
uptake increased with increasing pH as pH was below
7 and remained almost constant in the pH range of
7-9. Nevertheless, the uptake amount decreased shar-
ply from 268 to 194 mg/L in the pH range from 9-11.
Fig. 8(b) and (c) demonstrate the zeta potential on the
surface of carbon before and after adsorption and the
involved crucial adsorption mechanisms, respectively.
The adsorption mechanisms can be elucidated as fol-
lows: (1) the ion-exchange effect, which occurred in the
whole adsorption process considering the existence of
acidic functional groups as mentioned above; (2) the
hydrophobic attraction, which was favourable to the
adsorption; above-mentioned both functions could
explain the adsorption behaviour, occurring during the
whole pH range; (3) the electrostatic effect was
the leading influential factor. Fig. 8(b) indicates that
the number of positively charged adsorbent increased
when the pH decreased gradually below 6 and mean-
while, the dominant forms of CIP at pH between 2 and
6 were CIP". Therefore, the electrostatic repulsion
became drastic with the decrease of pH, leading to the
decline of adsorption capacity. Similarly, the anionic
form of CIP™ was primarily present at pH above 9.
Moreover, zeta potential showed that the increasing
solution pH enhanced the negative charge strength of
EPAC, resulting in the forceful electrostatic repulsion.
Between pH 6 and 9, the prominent forms of CIP were
CIP™", the surface charge of carbon was also mild,
which is good for adsorption.

4. Conclusions

The results showed that E. prolifra was a promising
raw material for the preparation of activated carbon
and the pyrophosphoric acid was an excellent activat-
ing agent to produce mesoporous carbons. The
response surface model was successfully applied to
investigate the influences of pyrophosphoric acid
impregnation ratio, activation time and activation tem-
perature on the specific surface area of the activated
carbons. The optimum preparation condition has been
identified as temperature of 455°C, time of 48 min and
impregnation ratio of 1.26, presenting carbons with a
specific surface area up to 1,124m?/g, total pore
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volume of 1.365cm®/g and adsorption capacity of
methylene blue of 330 mg/g. The resultant carbon was
used for CIP adsorption. Adsorption kinetic could be
successfully described by pseudo-second-order model
and adsorption isotherm could be better described by
Langmuir model. The ion-exchange, hydrophobic
attraction and electrostatic effect were the main
adsorption mechanisms.
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