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Abstract—Magnetic activated carbon (MAC) was prepared by co-precipitation. These particles had attractive adsorp-
tion capacity and could be easily separated from aqueous. MAC was used as adsorbent to remove p-chlorophenol (p-
CP) and p-nitrophenol (p-NP) from solution in single and binary systems. In a single system, the equilibrium time was
60 min, the best initial pH was 3-8 and 3-6 for p-CP or p-NP adsorption, respectively. The existence of salt ions had lit-
tle influence on the adsorption process, while surfactant had negative influence. The adsorption quantity from experi-
ments was up to 97.3 mg-g ' for p-CP and 116 mg-g ' for p-NP at 293 K, respectively. Freundlich model and pseudo-
second-order kinetic model fitted well the adsorption behavior. Thermodynamic parameters were calculated and the
results showed that the process was spontaneous, exothermic and entropy production in nature. In addition, p-CP or p-
NP-loaded MAC could be well reused by 0.01 mol-L™" sodium hydroxide solution as regeneration agent. Kinetic pro-
cess of desorption was fitted best by pseudo-second-order kinetic model. Results from the binary system showed that
competitive adsorption existed during the process, and p-NP adsorption on MAC was easier than p-CP. Freundlich
model well fitted the adsorption behavior in the binary system. Hydrogen-bonding, electron donor-acceptor and 7-7
interactions may be the main mechanisms of adsorption. MAC proved to be an excellent adsorbent for the removal of

p-CP and p-NP from solution.

Keywords: Magnetic Activated Carbon, p-Chlorophenol, p-Nitrophenol, Competitive Adsorption, Desorption

INTRODUCTION

Phenolic hydrocarbons, including p-chlorophenol (p-CP) and
p-nitrophenol (p-NP), are common pollutants found particularly
in oil refineries, olive mills, plastics, pharmaceutical, steel industries
[1-4]. Due to their harmful effect on humans and animals, many
treatment technologies have been implemented to remove them
from water, such as electrochemical oxidation [5], reverse osmosis
[6], membrane separation (7], chemical coagulation [8], photo-
degradation [9] and adsorption [10,11]. Among these, adsorption
is quite extensively used because of its simplicity, high efficiency,
and without chemical addition [12,13]. Activated carbon is out-
standing as adsorbent. Powdered activated carbon has large spe-
cific surface, but the properties of powder hinder its application in
adsorption. In adsorption, powdered activated carbon easily leads
to blockage of filter mesh and loss of adsorbent. How to quickly
and effectively separate powdered activated carbon has become
the key problem during the application of activated carbon in ad-
sorption [14,15].

To solve these problems, magnetic technology was used in the
adsorption while activated carbon served as the adsorbent. Yang et
al. [16] synthesized magnetic Fe;O,-activated carbon nanocompos-
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ite by modified impregnation method to remove methylene blue.
Singh et al. [17] prepared magnetic activated carbon using impreg-
nation method to remove malachite green. Han et al. [18] pro-
duced magnetically modified activated carbon using co-precipitation
technique and the carboxylic acid vapor treatment technique to
remove p-NP. The magnetic activated carbon was also prepared
using co-precipitation in our previous work to remove malachite
green and the adsorption capacity at 303 K could reach up to 766
mg-g ' [19].

Magnetic activated carbon (MAC) has the characterization of
magnetic particles and activated carbon [20]. Moreover, MAC can
be easily separated by commercial magnet [21,22]. Considering the
complexity of actual wastewater, pollutants often coexist in sew-
age; competitive adsorption of phenolic compounds was performed
on various adsorbents [23-25]. But the kinetic process of desorp-
tion was seldom studied. However, the methods of competitive
adsorption can be improved.

In this work, MAC was used as adsorbent to remove p-CP and
p-NP from solution, and adsorption property toward p-CP and p-
NP was presented. The adsorption process of p-CP or p-NP on
MAC in single system was performed, including dose of adsor-
bent, contact time, initial pH, coexisting ions, adsorption tempera-
ture and initial concentration. Kinetic models were used to fit the
experimental data. Kinetic process of desorption and regeneration
of spent MAC was also presented. In addition, competitive adsorp-
tion behavior between p-CP and p-NP in binary system was ex-
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plored to better study the adsorption capacity of MAC in mixtures.
MATERIAL AND METHODS

1. Materials

The chemicals used in testing were the following: ferric chlo-
ride (FeCl,, Fengchuan Chemical Reagent, Tianjin, China), ferrous
sulfate (FeSO,, Sinopharm Chemical Reagent, Shanghai, China),
ammonium hydroxide (25%-28%, w/w, Sinopharm Chemical
Reagent, Shanghai, China), sodium chloride (NaCl, Kermel, Tian-
jin, China), sodium laurylsulfonate (SLS, Kermel, Tianjin, China),
calcium chloride (CaCl,, Kermel, Tianjin, China), cetyltrimethyl
ammonium bromide (CTAB, Sinopharm Chemical Reagent, Shang-
hai, China), absolute ethanol (Fuchen Chemical Reagent, Tianjin,
China), polyethylene glycol-6000 (Sinopharm Chemical Reagent,
Shanghai, China), p-chlorophenol (p-CP, Aladdin, Tianjin, China)
and p-nitrophenol (p-NP, Aladdin, Tianjin, China). All chemicals
were of analytical grade and used without further purification.
Distilled water was used. Activated charcoal was purchased from
Macklin Company (Shanghai, China).

2. Preparation and Characterization of Magnetic Activated
Carbon (MAC)

MAC was prepared by a simple co-precipitation method, and
the process is described in our previous study [19]. Mixed iron
salts were dissolved in distilled water under polyethylene glycol as
dispersant, then activated carbon was added, followed by ammonia
solution to precipitate, and the magnetic adsorbent was prepared.

Various methods were used to characterize MAC. The zero point
of charge of MAC was nearly 7.1, and the results showed that the
adsorbent surface was positively charged at pH<7.09 and negatively
charged at pH>7.09. The results of XRD and TGA suggested that
7-Fe,0; were the main magnetic phase and the content of acti-
vated carbon in MAC was about 50%. The results of Boehm titra-
tion showed that the surface of MAC contained abundant functional
groups related to oxygen. The surface area of MAC was calculated
by BET surface area and the surface area of MAC was 1.13x10°
m”g " which indicated abundant pore structure. The morphol-
ogy of MAC obtained by SEM and showed that MAC demon-
strated a granular microstructure with irregular shaped grain, and
the size of most particles was less than 1 pum. Magnetic hysteresis
loops analysis of MAC showed that the saturation magnetization
(Ms) was 520 emu-g ' and could be separated from solution by
external magnet [16,19].

3. Adsorption Experiments

Batch adsorption experiments with 10 ml p-CP or p-NP solu-
tion and 0.01 g MAC were carried out, including the adsorbent
dose (1-20 mg, G, ,.cporpnp=100 mg-L™), contact time (2-90 min,
Co,pcporprp=100 mg-L™"), initial pH (3-12) of solution (C,, -CPor pNP=
100 mgL™), coexisting ions (NaCl, Na,SO,, CTAB and SLS, G, -CPorpNP
=100 mg-L"), adsorption temperature (293, 303, 313K) and ini-
tial concentration (G, cporpp=70-140 mg-L™"). Adsorbent was sepa-
rated by external magnet after adsorption. Concentrations of p-CP
or p-NP in solution were measured on a UV/Vis-3000 spectropho-
tometer (Shimadzu Brand UV-3000 with a 1 cm path length) ac-
cording to Lambert-Beer Law at a wavelength of maximum adsor-
bance of 225 nm for p-CP and 318 nm for p-NP, respectively.

The competitive adsorption of p-CP and p-NP involved two
parts: 1) Fixing the concentration of p-CP (C,=100 mg-L™") and
changing the concentration of p-NP (C,=70-140 mg-L™"). The
same method was also used to investigate the removal capacity of
p-NP at the presence of p-CP; 2) Fixing the total concentration of
p-CP and p-NP was 200 mg-L"". The concentration range of p-CP
and p-NP changed from 0-200 mg-L™" and 200-0 mg-L™", respec-
tively. The adsorption isotherms of p-CP (p-NP) at the presence of
different concentrations of p-NP (p-CP) were also studied.

For binary system, the concentrations of p-CP and p-NP were
measured using the following formula:

Agps=kons Cp—CP+k’225 Corp ¢y
A318:k318 Cp—NP (2)

where A, and Ajg are adsorbance at 225 nm and 318 nm, respec-
tively; ky,s (L-mg ") and ky,; (L-mg ") are adsorption coefficients at
225nm for p-CP and p-NP, respectively; ks (L-mg ") is adsorp-
tion coefficient of p-NP at 318 nm. Then concentrations of p-CP
and p-NP in mixed-solution can be calculated according to Eq. (1)
and (2) if values of A, and A, are obtained.

The data obtained from adsorption test in batch mode were
used to calculate the p-CP or p-NP uptake quantity. The quantity of
p-CP or p-NP adsorbed onto unit weight of adsorbent (g, mg-g ")
and the removal efficiency (p, %) were calculated using the follow-
ing equations, respectively:

_V(C-0)
4= m

(3
= (—CO(; Co) x100% 4

0

where C, is the initial concentration (mg-L™"), C or C, (mg-L™") is
the concentration at any time or equilibrium, V is the reaction
solution volume (L), and m is the mass of MAC (g).
4. Desorption and Regeneration Experiments

The regeneration capacity of spent or exhausted MAC was inves-
tigated in batch mode. Different desorbing solutions were chosen
to desorb p-CP-loaded MAC (p-CP-MAC) or p-NP-loaded MAC
(p-CP-MAC) (t=60 min, adsorbent dose=1g-L"", C;=100 mg-L"",
T=303 K) and microwave method also used for regeneration. After
desorption, the used MAC was reused to adsorb p-CP or p-NP
and the adsorption condition was same with the first adsorption
process. Then the best desorbing solution was chosen for the con-
tinuous desorption-adsorption studies to explore the reuse capacity of
MAC. The desorption efficiency (D) and regeneration efficiency
(77) were calculated in the following:

D:%xloo% (5)
n:%xlOO% ®)

where D is the desorption efficiency of the MAC (%); m is the p-
CP or p-NP mass (g), which is desorbed from the adsorbent and
m, is the remaining p-CP or p-NP mass on MAC before desorp-
tion (g). 77is regeneration efficiency of the MAC (%), g, and q, are
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Fig. 1. Effect of adsorbent dose on adsorption quantity in single sys-
tem (C,=100 mg-L™", t=720 min): (a) p-CP on MAG; (b) p-
NP on MAC.

the adsorption quantity of regenerative MAC for n (1, 2, 3) times and
the fresh MAC in the same experimental conditions, respectively.

Desorption kinetic processes were conducted at different con-
tact time.

RESULTS AND DISCUSSION

1. Adsorption Study
1-1. Effect of Adsorbent Dose on Adsorption Quantity

The effects of adsorbent dose on adsorption are illustrated in
Fig. 1. It was seen that the adsorption amount of p-CP or p-NP
decreased with the increase in adsorbent dose and the trends of p-
CP and p-NP were same. The values of p increased with the increase
in adsorbent dose and the trends were also same for p-CP and p-
NP on MAC. The phenomenon was attributed to the number of
adsorbate particles surrounding the per unit adsorbent. When the
adsorbate concentration was constant, MAC particles with lower
dose were surrounded by more adsorbate molecules, and the
adsorbates were easier to act with the active sites on the adsorbent
[26-28]. To achieve a relatively high removal efficiency with rela-
tively few adsorbents, 1 g-L™" was chosen in the following research.
1-2. Effect of Contact Time on Adsorption Quantity

Time is an important factor during the process. The effects of
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Fig. 2. Effect of contact time on adsorption quantity in single sys-
tem and kinetic model fitted curves (C,=100 mg-L_l).

contact time on the adsorption process of single p-CP or p-NP sys-
tem are shown in Fig. 2. It was observed that the adsorption pro-
cess reached equilibrium quickly for both p-CP and p-NP onto
MAC. Furthermore, the first 15 min exhibited rapid adsorption
and then adsorbent gradually saturated. The reason was that large
activated sites existed in the early stage and gradually decreased
during the adsorption process [29-32]. The experimental data also
showed that the equilibrium time for p-CP and p-NP in single sys-
tem was 40 min and 25 min, respectively. The difference might be
due to the electron withdrawing groups of p-CP and p-NP while
the molecular sizes of p-CP and p-NP were close [30,33]. It was
reported that the adsorption process of p-CP and p-NP followed
the donor-acceptor mechanism. Electron density of the benzene
ring was reduced by electron withdrawing group and the nitro group
was reduced more than chloro group. Based on donor-acceptor
mechanism, substituted phenols with lower electronic density were
more easily combined with MAC, which could provide electrons
[34]. Besides, 60 min was chosen as the equilibrium time.

To explore the adsorption process of p-CP and p-NP, various
kinetic models are applied [35-37]. The formula expressions of
kinetic models are listed in Table 1 and the fitting results by non-
linear regressive method are shown in Fig. 2 and Table 2. The deter-
mined coefficient (R%) and the sum of the squared (SSE) are used
to estimate the applicability of the used kinetic models. Elovich equa-
tion and pseudo-first-order kinetic model were not suitable to fit
the kinetic process as there were lower values of R* and higher val-
ues of SSE. It was clear that the pseudo-second-order kinetic model
was more suitable to describe the adsorption kinetic process. The
fitting value of q, from this model was close to the experimental
value, further proving that pseudo-second-order kinetic model
was more suitable to predict the equilibrium adsorption quantity.
This suggested that chemisorption was predominant and the pro-
cess involved valence forces through sharing or exchange of elec-
trons [38].

1-3. Effect of Initial pH on Adsorption Quantity

The initial pH of the solution affects the existence of phenols,
thereby affecting the adsorption efficiency. It is indispensable to
study the effect of initial pH value on adsorption process, and the
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Table 1. Adsorption isotherm models and dynamic models: description and nomenclature

Model Nonlinear form Nomenclature
Dynamic model
Pseudo-first-order q,=q.(1- efk't) k; (min™) and k, (g-mg '-min”") were the rate constants of pseudo-first-order
and pseudo-second-order, respectively; q, (mg-g") and q, (mg-g") were
the adsorption capacity at equilibrium and at time t (min); t,;, is the time
for the adsorption of half amount of adsorbate.
Pseudo-second-order B kzqit
" 1+k,q,t
Elovich equation N 1 A and B are constants.
1/2 k2 .
Isotherm model q,=A+Blnt
Langmuir _q,Kc, Q (mg-g™") is the monolayer maximum adsorption quantity; K, (L-mg")
° 1+Ke, is Langmuir constant related to binding energy.
Freundlich q.= K" K; (L-g") and n are Freundlich constant depending on temperature.
Koble-Corrigan B A_Cg A, B and n are parameters.
4= 1+BC]
Temkin q.=A+BInC, A and B are Temkin constant.

Table 2. Parameters of three kinetic models for p-CP and p-NP adsorption (303 K)

Pseudo-first-order kinetic model

p-CP
p-NP

Qete/ (Mg-g )
69.2
81.4

Pseudo-second-order kinetic model

qe(thea)/(mg : g_ 1)
67.0£1.2
79.3+1.4

k,/(min ") R? SSE
0.711+0.094 0.753 51.8
0.681+0.087 0.781 70.4
ky/ (g-mg’l-min’l) R? SSE
0.00207+0.00014 0.981 3.90
0.00167+0.00016 0.966 10.9
R’ SSE
0.861 29.2
0.774 72.7

Qetesp/ (M- ™) Getheny/ (M-8 )
p-CP 69.2 69.2:+0.4
p-NP 81.4 82.4+0.7
Elovich equation

A B
p-CP 52.5+2.0 4.30+0.65
p-NP 61.9+3.2 5.10£1.02
100 5
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Fig. 3. Effect of pH on adsorption quantity in single system (C,=100
mg-L_l, adsorbent dose=1 g-L_l, t=60 min).

results are shown in Fig. 3. With the increase in initial pH, the
adsorption capacity of p-CP changed little at first but decreased
sharply after pH 9.15. The initial pH had the same influence for p-
NP on MAC, and the turning point was 6.09. The adsorption of
p-CP and p-NP on MAC was strongly pH dependent; the pK,
values were 9.37 and 7.15, respectively. When the pH of solution is
over the pK, of phenols, phenols are mainly present in the nega-
tive phenolate ion. However, they are present in the neutral molec-
ular form at solution pH below pK,. Repulsion between phenols
and MAC occurred when the solution pH was greater than both
the pK, of phenols and the pH,,. of MAC [39]. Some substituted
phenols exist in the form of negative ions when the solution pH is
slightly below pK, and the solubility of negative phenolate ions is
greater than the molecule, but this is also a disadvantage of phe-
nols adsorption [4041]. The experimental facts also showed that
molecule interaction was major between p-CP or p-NP and MAC.
Thereby, the molecular interactions, such as hydrogen bonding,
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Fig. 4. Effect of coexisting ions on adsorption quantity in single sys-
tem (C,=100 mg-L™", t=60 min): (a) p-CP on MAG; (b) p-NP
on MAC.

hydrophobic interaction and van der Waals force were the possi-
ble factors to affect the adsorption process [42]. The solution ini-
tial pH of p-CP and p-NP were 6.49 and 6.09, and the solution
pH was not adjusted for the following experiments.
1-4. Effect of Coexistence on Adsorption Quantity

To explore the effect of coexistence in actual water and further
investigate the adsorption mechanism, various concentrations of
coexistence (NaCl, Na,SO,, CTAB and SLS) were added into the
suspension; the results of single system are exhibited in Fig. 4. It is
reported that the adsorption quantity becomes lower at higher salt
concentration if electrostatic interactions or ion exchange exists
between adsorbents and adsorbates [43]. In Fig. 4, neither NaCl
nor Na,SO, had any apparent effect on the adsorption quantity,
which further confirmed that the binding of p-CP and p-NP onto
MAC was in the form of molecules. Moreover, the presence of CTAB
and SLS greatly influenced the adsorption quantity; indicating the
existence of hydrogen bonding force during the adsorption pro-
cess [44,45].
1-5. Effect of p-CP or p-NP Concentration and Temperature on
Adsorption Quantity

The effects of adsorbate concentration and temperature on the
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Fig. 5. Effect of adsorption temperature and adsorbate concentra-
tion on adsorption quantity in single system and adsorption
isotherms nonlinear fitted curves (C,=70-140 mg-L_l, t=60
min): (a) p-CP on MAG; (b) p-NP on MAC.

equilibrium adsorption were studied, with experimental results illus-
trated in Fig. 5. The g, values of p-CP and p-NP increased with the
increase in adsorbate concentration and presented a similar trend.
There was higher adsorption capacity for p-CP onto surface of
MAC. Values of q, were up to 97.3, 94.4, 90.0 mg-g ' for p-CP and
116, 113, 108 mg-g ' for p-NP at 293, 303, and 313 K, respectively.
It was due to the higher number of adsorbate surrounding the active
sites of MAC with the increase in p-CP or p-NP concentration.
Hence, the adsorption reaction was more sufficient [29]. The fig-
ures also demonstrated that the adsorption capacity decreased with
the increase in temperature. This phenomenon suggested that the
adsorption process was exothermic and was more inclined to physi-
cal adsorption [46].

To explain the adsorption mechanism, Langmuir, Freundlich,
Temkin, and Koble-Corrigan models were used to fit the adsorp-
tion isotherm curves using nonlinear regressive method. The models
used are also listed in Table 1. The fitting parameters, the determined
coefficients (R”) and the sum of squares of errors (SSE) are in Table 3
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p-CP
Langmuir
T/K K;/(L-mg™") Qe (mg-g ™) Qneny/ (M- ) R’ SSE
293 0.0825+9.6x10°° 97.3 12045 0.965 34.5
303 0.0542+8.5x10°° 94.4 128+8 0.951 50.3
313 0.0442+5.5%x10°° 90.0 128+5 0.980 19.1
Freundlich
T/K Ky I/n R? SSE
293 26.5+1.6 0.341+0.018 0.982 18.1
303 19.3%1.5 0.412+0.022 0.981 19.3
313 16.2+1.0 0.437+0.018 0.989 9.93
Koble-Corrigan
T/K A/(L-mg™) B/(L-mg") n R’ SSE
293 25.6%5.5 0.0551+0.1728 0.411+0.280 0.978 17.9
303 2.58+3.80 —-0.971+0.119 0.0149+0.0169 0.984 132
313 17.3+3.1 —0.0513+0.2426 0.361+0.285 0.987 9.79
Temkin
T/K A B R’ SSE
293 —4.61+4.85 26.4+15 0.977 227
303 —22.5+7.5 29.9+2.3 0.961 39.6
313 —31.7452 30.7+1.5 0.983 155
p-NP
Langmuir
T/K K,/(L-mg ") Qe (mg-g ") Qoo (-8 ) R’ SSE
293 0.0217+0.0211 116 139+4 0.977 446
303 0.0170+0.0201 113 136+5 0.968 57.6
313 0.0121+0.0148 108 13345 0.964 51.8
Freundlich
T/K Ky 1/n R’ SSE
293 437+1.8 0.325+0.016 0.985 29.3
303 38.1+1.4 0.341+0.013 0.991 16.8
313 32.5+1.9 0.349+0.019 0.981 27.1
Koble-Corrigan
T/K A B n R? SSE
293 43.8+4.4 0.205+0.063 0.578+0.172 0.988 20.1
303 38.4+2.6 0.030+0.201 0.366+0.181 0.988 16.8
313 322445 —0.038+0.399 0.316+0.308 0.977 27.1
Temkin
T/K A B R’ SSE
293 255+2.9 29.7+1.2 0.988 226
303 16.7+3.7 29.6+1.4 0.984 284
313 5.02+4.89 39.5+1.7 0.977 33.6

for p-CP and for p-NB, respectively. The fitted curves are also
shown in Fig. 5.

It was observed from Table 3 that there were higher values of R’
and lower values of SSE from Freundlich model fitted results for
both p-CP and p-NP. These showed that the Freundlich model
was most suitable for describing the adsorption process. The
adsorption coefficient K decreased with the increase in tempera-
ture, which indicated that the decrease in temperature was benefi-

cial to the adsorption process. But the trend of 1/n was in contrast.
The fitting parameters 1/n were between 0.3 and 0.5, illustrating
easy adsorption. The Freundlich model is an empirical formula
used to describe the adsorption process of high concentration
adsorbates on heterogeneous surfaces [47].

For Langmuir model, values of K; decreased with the increase
in temperature for both p-CP and p-NP adsorption. There were
lower values of R” and higher values of SSE. Furthermore, the val-
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ues of q,, from Langmuir model were not closer to values of q,
from experiments at all conditions. So this model was not suitable
to fit the equilibrium process.

Based on similar analysis, the Koble-Corrigan model was also
available to fit the equilibrium process, but the Temkin model was
not suitable to predict the process.

Linear fitting method is also done for relation of g, and C, to
explore the adsorption mechanism. The results are shown in Table
4 and Fig. 6, respectively. From Table 4, the values of R* were all

Table 4. The relation between the amount of p-CP and p-NP ad-
sorbed onto per unit mass of MAC (q,) and p-CP or p-NP

equilibrium concentration (C,)
Adsorbate T/K Adsorption equation R’
p-CP 293 q,=1.07 C,+51.0 0.959
303 q.=1.13 C,+432 0.987
313 q.=1.04 C,+394 0.983
p-NP 293 q,=2.80 C,+61.4 0.929
303 q,=2.41 C,+57.2 0.964
313 q.=1.04 C,+39.4 0.966
1 @
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Fig. 6. Linear fitted curves of p-CP (a) and p-NP (b) on MAC at
various temperatures (C,=70-140 mg-L™", t=60 min).
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above 0.929 at experimental conditions. The fitting results indi-
cated that the distribution effect existed in the adsorption process
as there was better linear relation between q, and C, (similar to
Henrys Law). Another study showed that there was better linear
relation between q, and C, about methylene blue adsorption onto
surface of chaff [48].
2. Diffusion Processes

To assess the diffusion process responsible for the adsorption of
p-CP and p-NP on MAC, attempts were made to calculate the
coefficients of the process. Assuming spherical geometry, the rate
constants of the adsorption process can be related with the pore
diffusion coefficient (D,) and the film diffusion coefficient (D) inde-
pendently [49]. It is vital to calculate the pore diffusion coefficients
(D,) and the film diffusion coefficient (D) for the adsorption pro-
cess of p-CP and p-NP on MAC [50,51].

1

t1/2:g @)
0.03r;
D =—2 8
L ®
0.23re_ Qe
D= X == ©)
t1/2 CO

where C, is the initial concentration and t,, is the time for the ad-
sorption of half amount of adsorbate at equilibrium (values of k,
and q, obtained from Table 2), r, (cm) is the radius of adsorbent
and & the film thickness (107 cm) [49,50]. The adsorbent was as-
sumed to be in spherical form and the radius of the adsorbent was
considered as 1 pum, which was based on the SEM analysis [19]. If
pore diffusion is rate limiting, values of D, may be in the range
10" to 10" cm®s™". If film diffusion is the rate-determining step,
the value of D; should be in the range 10 to 10* cm/s.

By considering the relative data and the respective rate con-
stants, pore and film diffusion coefficients were obtained. The val-
ues of D, was found to be 7.02x10° cm™s™" and 6.88x10™° cm™s™
for p-CP and p-NP on MAG, respectively. The values of D, were
both on the order of 10~*, which indicated that the pore diffusion
was not significant [45]. The values of D, were 1.37x 105 cm?s™!
and 1.56x10 °cm”s " for p-CP and p-NP on MAGC, respectively. Tt
clearly showed that removal of p-CP and p-NP on MAC was con-
trolled by film diffusion process since coefficient values were around
10 cm*s™". Compared to values of D, and D; film diffusion was
faster than pore diffusion.

3. Thermodynamic Studies

The thermodynamics parameters such as Gibbs free energy (AG’),
enthalpy (AH’) and entropy (AS") could be calculated by the fol-
lowing formula [52].

K== (10)
AG’=—RTInK, (11)
AG =AH’-TAS" (12)

where K_ is apparent adsorption equilibrium constant. C,;, rep-
resents the equilibrium concentration of adsorbate on the adsor-
bent. T is the experimental temperature (K) and R is universal gas
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Table 5. Thermodynamic parameters of p-CP and p-NP adsorp-
tion on MAC

AH/ AS/ AG/(kJ-mol )
(Kmol™)  (JmolK") 293K 303K 313K
p-CP 122 17.8 ~703 —681 —667
pNP  —176 289 908 -895 —851

constant (8.314 J-mol K ™). Values of AH® (k]-mol ") and AS’ (J-mol -
K") are obtained by van't Hoff equation.

Thermodynamics parameters were calculated and listed in Table
5. The values of AG’ for p-CP and p-NP on MAC at 293 K, 303 K
and 313 K were all negative, and the absolute values of AG’ de-
creased with the increase in temperature. It suggested spontaneity
of reaction and unfavorable at higher temperature. All AG’ values
were between 0~—20kJ-mol ™, indicating a physical adsorption. The
negative values of AH” implied the exothermic nature of reaction.
The positive AS’ values indicated an increased randomness at the
solid-solution interface during the adsorption process [11].
4. Desorption and Regeneration Study

Good regenerative capacity is vital to an ideal adsorbent [53].
Desorption and regeneration experiments are performed, and the

1201 (a)
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Fig. 7. Desorption efficiency and regeneration efficiency of various
methods (C,=100 mg-L™, t=60 min): (a) p-CP; (b) p-NP.

results are shown in Fig. 7. Among the methods of desorption, it
was clearly seen that there was higher desorption and regenera-
tion ability when 0.1 mol-L™ and 0.01 mol-L™" NaOH were used
as desorption agents and the regeneration efficiency was above
91.2%. Under alkaline conditions, the surface of MAC and substi-
tuted phenols were negatively charged, which resulted in repul-
sion and facilitated the desorption process. This phenomenon was
consistent with the effect of initial pH on the adsorption process.
Considering environmental friendliness and regeneration capacity
of adsorbent, 0.01 mol-L™* NaOH was chosen as the desorbing solu-
tion for continuous desorption-adsorption studies; the results are
shown in Fig. 8. It was clearly found that values of the regeneration
efficiency of MAC (desorbed p-CP-MAC and p-NP-MAC) were
all above 95.0% and 93.2% after three cycles, respectively. This
phenomenon might be attributed to adsorption unsaturation and
suggested that MAC had good reusability [20].

Kinetic desorption of p-CP-MAC and p-NP-MAC is studied,
and the results are shown in Fig. 9. It was seen that the whole
desorption process was very fast. The desorption efficiency reached
63.7% and 59.0% when the contact time was just 5min. The de-
sorption process reached equilibrium at 40 min and 60 min, and
desorption efficiency was 71.4% and 68.3%, respectively. The higher

100 - (a)

I. )
1 2 3
Regeneration Times

"1 ) S Lp

1 2 3
Regeneration Times
Fig. 8. Desorption efficiency and regeneration efficiency of three
cydes (C,=100 mg-L™', t=90 min): (a) p-CP; (b) p-NP.

Korean J. Chem. Eng.(Vol. 36, No. 6)



950 Y. Rong and R. Han

74 4
] @
72 4
i - ] |
70 4 - [ ]
= 68 1 .
=
"‘Q\.,_ -
66 - [ ] = Dup-(;m
- Pseudo first order fit
6 . Pseudo second order fit
Elovich equation fit
62 - Double constant equation fit
m T T L L T T T
0 20 40 60 80 100 120
t/min
70 4
(b)
e | | .
68 1 >
= L]
66 wd
k=
a" 64 & B Donp
Pseudo second order fit
62 - Pseudo second order fit
Elovich equation fit
Double constant equation fit
60 - 3
n
58 T L) L) T T ) L)
0 20 40 60 80 100 120

t/min

Fig. 9. Desorption of adsorbate from spent MAC and kinetic model
fitted curves (desorbing solution: 0.01 mol-L™" NaOH): (a) p-
CP; (b) p-NP

Table 6. Desorption kinetics for p-CP-MAC and p-NP-MAC (303 K)

desorption efficiency indicated that binding force of p-CP and p-
NP on MAC was relatively weak [54].

Different kinetic models were applied on desorption kinetic
process to clarify the desorption mechanism (see Fig. 9 and Table
6). Values of R* were in the order of pseudo-second-order kinetic
model>Elovich equation>double constant equation>pseudo-first-
order kinetic model, while values of SSE were in the order of pseudo-
second-order kinetic model<Elovich equation<double constant
equation<pseudo-first-order kinetic model for p-CP and p-NPB,
respectively. Furthermore, values of D, from the pseudo-second-
order kinetic model were closer to values of D, from pseudo-first-
order kinetic model for p-CP and p-NP, respectively. However, the
fitted curves from pseudo-first-order kinetic model were closer to
experimental curves. So it was concluded that pseudo-second-order
kinetic model had the best evaluation results.

5. Competitive Adsorption of p-CP and p-NP on MAC in
Binary System

5-1. Effect of p-CP or p-NP Adsorption on MAC with the Pres-
ence of p-NP or p-CP

In the competition system, the concentration of p-CP or p-NP
was fixed to 100 mg-L" while the concentration of p-NP or p-CP
was changed from 70 mg-L™" to 140 mg-L™". The results are illus-
trated in Fig. 10. Note that the presence of p-NP or p-CP affected
the adsorption quantity of p-CP or p-NP. Furthermore, the influ-
ence was more significant with the increased concentration in co-
solute [23]. In addition, the q, values of p-CP decreased from 0.447
mmol-g ' to 0.367 mmol-g ' (decreased 17.9%) at the presence of
p-NP, while the q, values of p-NP decreased from 0.463 mmol-g '
to 0.423 mmol-g ' (decreased 8.80%) at the presence of p-CP. This
results demonstrated that the presence of p-NP had a greater influ-
ence on the adsorption quantity of p-CP and p-NP had a strong
affinity with MAC than p-CP. It was inferred that stronger with-
drawing group and lower water solubility of p-NP contributed to
the results (solubility at 298 K, p-CP 27g-L™" and p-NP 17g-L™")
[25,34,55].

Pseudo-first-order kinetic model

Adsorbate Ditheay/ (%)
p-CP 69.9+0.7
p-NP 67.0£0.6

Pseudo-second-order kinetic model

Adsorbate D (theay! (%)
p-CP 71.5+0.4
p-NP 68.2+£0.3
Elovich equation

Adsorbate A
p-CP 61.1+1.5
p-NP 59.3+1.0
Double constant equation

Adsorbate A
p-CP 61.5+1.4
p-NP 59.6+1.0

D0/ (%) k,/(min"") R’ SSE
71.0 0.464+0.057 0.574 20.3
69.0 1.04+0.11 0.686 22.0
Do/ (%) ky/(g-mg"-min”") R? SSE
71.0 0.0210+0.0058 0.919 3.86
69.0 0.0443+0.0048 0.935 4,55
B R’ SSE
2.33+0.42 0.813 8.90
0.460+0.300 0.865 9.43
K, R’ SSE
0.0335+0.0063 0.802 9.43
0.0328+0.0048 0.853 103
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Fig. 10. The adsorption quantity for p-CP and p-NP at different equi-
librium concentration in binary system (C, , cporpnp=100 mg:
L™, Cy pxporpcp=70-140 mg-L™, t=90 min).

~_-—_-—_-_-—-_-—_-—_—___'—'—-——

N

_'3 80 —a—q(p-CP)
= —-— qc(total)
40

40 )
Y
60 \}@%
S
0 Y

&

60
c,
GCQCP)/ w 100
(g )

Fig. 11. The effect of both p-CP and p-NP in existence on the ad-
sorptive capacity of MAC (Cy =200 mg-L™", t=60 min).
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Fig. 12. Freundlich model fitted curves for single and binary systems
@) Gy pp=70-140mg-L™", C, ,xp=0, 40, 70, 100 mg-L™", t=60
min); (b) C, ,xp=70-140 mg-L™", C; ,.»=0, 40, 70, 100 mg:
L™, t=60 min).

5-2. Competitive Adsorption of p-CP and p-NP at a Fixed Total
Concentration

To study the effect of p-CP and p-NP coexistence on the total
adsorptive capacity of MAC, the total concentration was fixed (200
mg-L™") and each constituent was changed. The results (see Fig. 11)
results that the total adsorption capacity slightly decreased with
the decrease of p-NP concentration in binary system. It suggested
that MAC prefers to adsorb p-NP. Furthermore, the q, values of p-
CP and p-NP in binary system were lower than those in single sys-
tem. The results further proved that competitive adsorption existed
in bi-component system.
5-3. Freundlich Model Fitting for Single and Binary Systems

To figure out the adsorption behavior of p-CP and p-NP, the
Freundlich model was selected to fit the experimental data. The
fitting results for single and binary systems are shown in Fig. 12
and Table 7, respectively. Values of R* and SSE from the fitting
results showed that the Freundlich model was suitable for describ-
ing the adsorption process and indicated that the process was
multi-layer adsorption on an uneven surface [56]. In the single sys-
tem, it was obvious that the adsorption capacity of p-NP was higher

Korean J. Chem. Eng.(Vol. 36, No. 6)



952 Y. Rong and R. Han

Table 7. Parameters for p-CP and p-NP adsorption using Freundlich

model

Adsorbate C, (p-NP) Ke 1/n R’ SSE

p-CP 0 193+15 0.412+0.022 0981 19.3

40 9.64+1.35 0.505+0.037 0.966 24.2

70 7.53+1.07 0.535+0.036 0.970 17.9

100 5.26+0.99 0.590+0.047 0.959 23.1

p-NP 0 36.6+1.8 0.354+0.018 0.983 299
40 14.6+0.8 0.482+0.016 0993 8.28

70 9.34+1.23 0.564+0.036 0.973 27.0
100 8.93+1.08 0.521+0.032 0.976 16.8

than p-CP as the K values of p-NP and p-CP were 36.6 and 19.3,
respectively. Furthermore, values of K in single system were still
larger than values of K in binary system with the same coexisting
solute concentration [50]. For one solute (in binary system), val-
ues of K became lower, while values of 1/n became larger with
the increase in p-NP or p-CP concentration (except for p-NP at
70 mg/L p-CP). All the results showed that p-NP was in domi-
nant position during adsorption process.

CONCLUSION

MAC was used to remove p-CP and p-NP and the adsorption
process in single and binary systems was presented. The initial
solution pH and the existing surfactant strongly affected the adsorp-
tion capacity in the single system. Furthermore, there was compet-
itive adsorption in the binary system, and p-NP adsorbed on MAC
more easily than p-CP. Freundlich model better fit the equilibrium
results, and the process was spontaneous and exothermic. The spent
MAC can be effectively regenerated using NaOH solution. In
addition, the adsorption mechanism of p-CP and p-NP on MAC
was presumed to be hydrogen-bonding, electron donor-acceptor
and 7= 7 interactions. MAC is effective for adsorbing p-CP and p-
NP from solution.
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