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ABSTRACT

Adsorption of tetracycline (TC) and ciprofloxacin (CPX) onto activated carbon prepared from
lignin by HzPO, impregnated was investigated. Lignin-activated carbon (LGAC) was
carbonized at 450°C in a muffle furnace for 1h. Scanning electron microscope, N, adsorp-
tion—desorption isotherms, X-ray diffraction, pH at the point of zero charge and Boehm
titration analysis need to characterize the properties of LGAC. Batched adsorption experi-
ments were performed to study the adsorption properties and interaction mechanisms
between TC/CPX and LGAC. The prepared activated carbon was found to have a porous
structure with surface area of 931.53m”/g and many functional groups (acidic groups, basic
groups). The adsorption kinetics for the two adsorbates both well fitted the pseudo-second-
order model (R?>0.99). Compared with Temkin isotherm and Freundlich isotherm, the
adsorption equilibrium data were very well represented by the Langmuir isotherm. The
maximum adsorption capacities for the TC and CPX calculated by the Langmuir isotherm
model were high at 475.48 and 418.60mg/g, respectively. Thermodynamics study showed
that the adsorption was spontaneous and favorable. These results suggested that LGAC
could be an effective adsorbent for removal of TC and CPX.

Keywords: Activated carbon; Adsorption kinetics and isotherm; Ciprofloxacin; Desorption;
Lignin; Tetracycline

1. Introduction

Antibiotics have been extensively used in human
therapy and veterinary treatment [1]. Tetracycline
(TC), due to having the stable naphthol ring as its
main structure, provides broad-spectrum antimicrobial
activity [2]. In China, the annual TC usage was about
9,413 tons in 1999 and the TC production was around
10,000 tons in 2003 [3]. In the mean time, ciprofloxacin
(CPX), one of the quinolone antibiotics [4] has been
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detected with much higher concentrations in effluents
from hospitals (3-87pg/L) than concentrations
(<1pg/L) typically found in water and wastewater
[5]. These antibiotics are applied to treat bacterial
infections, and their incomplete metabolism in
humans and animals discharged into environment
[6,7]. The excreted residual amounts released into sur-
face water or groundwater bring about environmental
pollution and health problems [8]. Moreover, the
toxicity of degradation byproducts of antibiotics is
possibly much stronger than their parents [9,10],
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which yet in low concentrations, may be lead to the
growth of antibiotic-resistant bacteria [11]. Therefore,
removal of antibiotics from environment is highly
urgent to reduce the potential health, social and eco-
logical risk.

Activated carbon, with a large surface area, well-
developed porous structure and ample functional
groups, has been widely used in removing organic
and inorganic pollutants from aqueous phase [12,13].
Currently, main raw materials for producing activated
carbons are high-cost materials, such as wood [14]
and coal [15]. Taking advantage of activated carbon
for wastewater treatment is often restricted because of
the economical consideration. Therefore, manufactur-
ing activated carbon economically is of great interest.
Lignin is abundant in black liquors of paper mills
whose pulping process produce wastewater [16].
Using lignin as raw material for preparing activated
carbon [17] could reduce the disposal and treatment
cost of black liquors. Limited researches have been
conducted in this area.

The objective of this study was to prepare acti-
vated carbon from lignin (LGAC) for two adsorbents
(TC and CPX) removal from aqueous solution.
Physical and chemical properties of LGAC were
investigated by scanning electron microscope (SEM)
analysis, N, adsorption/desorption isotherms, X-ray
diffraction (XRD), point of zero charge (pHy,J), and
Boehm titration. The adsorption behavior of two
adsorbates (TC and CPX) on the activated carbon was
explored, and kinetics and thermodynamics study
were used to describe several important thermody-
namic parameters. In addition, desorption studies
were performed to calculate regeneration capacity.

2. Materials and methods
2.1. Chemicals

All the reagents used were of analytical grade. The
two antibiotic adsorbates were TC hydrochloride
(98.5% is purity, CAS#: 64-75-5) and CPX hydrochlo-
ride (98.5% is purity, CAS#: 3810-74-0) purchased from
Sangon Biotech (Shanghai) Co., Ltd. The stock adsor-
bate solutions were prepared by dissolving accurately
weighed amounts of the antibiotics in distilled water.

2.2. Adsorbent preparations

Lignin (purity >95%), purchased from Zibo
Splendor Refractory Material Co., Ltd. Shandong in
east China, was dried at 105°C for 8h, then
immersed in 40wt.% H3;PO, solution at a ratio of
1:2 (g lignin/g HsPO,) for 12h. The impregnated
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sample was heated in a muffle furnace to the
desired temperature of 450°C for 1h. After cooling
to room temperature, the carbon was washed with
distilled water until near neutral pH and dried at
80°C for 12h. The dried samples were then crushed
using a grinder. Particles with sizes of 0.1-0.15mm
(100-140 mesh) referred to as LGAC was used in
subsequent experiments.

2.3. Characterization methods

The morphologies of activated carbon were
analyzed by SEM (JEOL JSM-7600F). The Brunauer—
Emmett-Teller (BET) surface area and porous
properties were measured by N, adsorption/desorp-
tion isotherms at 77K using a surface area analyzer
(Quantachrome Corporation, USA). The surface area
was obtained from BET theory, and the pore size distri-
bution of LGAC was derived from Density Functional
Theory method. The surface area (Sggr) and the total
pore volume (Vi) were obtained from the manufac-
turer’s software by the BET theory and BJH theory,
respectively. The t-plot method was used to calculate
the micropore surface area (Sp,) and micropore vol-
ume (Vo). The mesopore volume (V) was obtained
by Vimic from Vi, and the external area (Sey;) was the
deduction of Syc from Sggr. Dp, the mean pore diame-
ter, was calculated from Dp=4V ./ SggT-

XRD was used to identify the crystal phases of the
adsorbent. The patterns of which were recorded on
the Rigaku D/MAX-YA diffractometer with Ni-
filtered Cu Ko radiation as the X-ray source.

The pH,,. was estimated from a batch of equilib-
rium method described by Babi¢ and Faria [18,19].
The initial pH (pHinitia) Was adjusted with NaOH and
HCl to the desired values between 2 and 14. The each
conical flask with 20mg activated carbon was placed
in a shaker for 24h, and pH of the solution was
regarded as pHgnia. The pHp,. value was a point
where pHinitial = PHinial-

The content of acidic and basic functional groups
on the surface of LGAC was determined by Boehm
titration method [20]. Boehm titration can be consid-
ered as an effective method for evaluating the amount
of surface functional groups of LGAC. A series of
0.5g of LGAC were placed in 25mL of the following
solution [21]: NaOH (0.1 N), Na,COs5 (0.1 N), NaHCO;
(0.1N) and HCl (0.1N), and then the mixture was
placed in a temperature-controlled water bath at 20
+1°C for 24 h. After filtration, the excess base or acid
was titrated with 0.1 N HCI or NaOH. The quantity of
functional groups was determined under the
assumptions that NaHCO; neutralized only carboxylic
groups, Na,CO; neutralizes carboxylic and lactonic
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groups, NaOH neutralizes carboxylic, lactonic and
phenolic groups, and HCI neutralizes basic groups.

2.4. Adsorption experiments
2.4.1. Adsorption equilibrium experiments

Batch equilibrium sorption experiments were car-
ried out in 250mL Erlenmeyer flasks at a constant
temperature (293K). A dose of LGAC (0.1g) was put
into each Erlenmeyer flask, containing 100mL of TC
(or CPX) solutions of initial concentrations (TC: 180-
600mg/L; CPX: 180-600mg/L). Then, the solution
was shaken in a constant temperature water bath at
150 rpm until the equilibrium was reached. Then, the
samples were filtered using 0.45um millipore mem-
brane filters and the concentrations of filtrates were
analyzed by a UV-visible spectrophotometer (UV-754,
Shanghai) at their maximum absorption wavelength
of 355nm for TC and 270 nm for CPX.

2.4.2. Adsorption kinetic experiments

Adsorption kinetic experiments were carried out to
investigate the effect of contact time and to evaluate
the kinetic properties. LGAC (1.0g) was added into
1L of antibiotics solution with initial concentrations
(TC: 320 and 420mg/L; CPX: 320 and 400 mg/L). The
mixture was agitated at a speed of 300 rpm on an elec-
tromagnetic stirrer (Model 78-1) at 20+1°C. At preset
time intervals (0-24h), 10mL samples were obtained
and filtered, and the residual antibiotics concentration
was determined. The adsorption capacity g; (mg/g)
was calculated by the equation below:

g = (Co— C)V/W (1)

where Cj and C; (mg/L) are the initial and time ¢ con-
centrations of TC or CPX, respectively; V (L) repre-
sents the volume of the solution; W (g) is the weight
of the adsorbent.

2.5. Desorption experiments

After the kinetics study, the spent activated carbon
was filtered, washed and dried in a vacuum oven at
80°C. As desorption agents, 0.01N HCI, 0.056N HCI,
0.01N NaOH, and 0.05N NaOH were used. The per-
centage of desorption was calculated using the follow-
ing equation:

Desorption (%) = % x 100% (2)

ad
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where Cg, is the amount of antibiotics desorbed (mg/
L); C,4 is the amount of antibiotics adsorbed (mg/L).

2.6. Applied models
2.6.1. Kinetics models

In order to elucidate the mechanism, the kinetic
data for the adsorption of TC and CPX onto LGAC
were analyzed with the pseudo-second-order model,
the Elovich equation and intra-particle diffusion
model.

The pseudo-second-order model assumes that the
adsorption progress is affected by chemical interac-
tions which contribute to binding of the adsorbate
onto the adsorbent surface [22]. The integral form of
the pseudo-second-order model can be written as [23]:

B kg t
1+ kgt

qt 3)

where g, and g; (mg/g) are the amounts of TC or CPX
adsorbed on the adsorbent in equilibrium and at time
t, respectively; k (g/(mgmin)) is the pseudo-second-
order model rate constant. It can be rearranged into a
linear form [24]:

t 1 1
— = + —t 4
a kg’ e @

The Elovich equation, which corresponding to the
pseudo-second-order model, has been widely used in
adsorption kinetics and it describes the mechanism of
chemisorptions (chemical reaction) in nature. The Elo-
vich model [25,26] can be written as:

g=aln(t)+b (5)

where a (mg/(gmin)) and b (g/mg) are empirical con-
stants, the constant a is regarded to relate to the initial
rate.

To explain the rate controlling step in multistep
adsorption processes, the intra-particle diffusion
model was represented as the following equation [27]:

gy = kpitl/z + G (6)

where k,; (mg/(g min'/?)) is the rate constant of intra-
particle diffusion model, and C; gives an idea about
the thickness of boundary layer. A plot of g; vs. t'/?
could determine the values of k,; and C;.

This model presumes when g, and shows a
good linear relationship through origin; intra-particle

t1/2
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diffusion model is the sole rate-limiting step and there
may be a possibility of transport adsorbate into the
pores of adsorbent.

2.6.2. Isotherms models

Adsorption isotherms are helpful to describe how
adsorbates interact with adsorbents when the adsorp-
tion process reaches equilibrium, and thus are critical
for analyzing the equilibrium characteristics at various
temperatures. Three widely used models, the Lang-
muir, Temkin, and Freundlich isotherm model, were
applied to analyze the adsorption of antibiotics onto
LGAC.

The Langmuir isotherm is based on the monolayer
adsorption: the adsorbate distributed homogenously
on the surface [28] while no interaction existed
between the adsorbate molecules. The general Lang-
muir isotherm equation is described as follows [29]:

o QmKLCe
e =17KC @
C. 1 1
g +—C, 8
% QmKL Qm ( )

where g, (mg/g) is the amount of adsorbate adsorbed
under equilibrium; C, (mg/L) is the equilibrium con-
centration of TC/CPX; and Q,, (mg/g) represents the
theoretical maximum adsorption amount adsorbed
corresponding to the complete monolayer coverage;
K; (L/mg) is the Langmuir adsorption constant; Q,,
and K; are determined from the flowing linear form
of the equation.

The Temkin isotherm model [30] suggests that the
heat of adsorption of all the molecules in the layer
would decrease linearly with coverage owing to indi-
rect adsorbent-adsorbate interactions [31] and the
binding energies distributed uniformly. The Temkin
isotherm in its linear form can be expressed:

ge =BInKr + BInC, 9)

where B is the Tempkin constant which related to
heat of adsorption; Kr (L/mg) is the equilibrium bind-
ing constant; and B and Kr can be determined from
the slope and intercept of the plot.

The Freundlich isotherm model is employed to
describe heterogeneous adsorbent surface and not
restricted to monolayer formations, which is different
from the Langmuir isotherm model. The Freundlich
equation [32] can be shown as:

ge = KeC,M/" (10)
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where g, (mg/g) is the adsorption capacity at equilib-
rium; C, (mg/L) is the equilibrium concentration of
the antibiotics; Ky (mg/g-(L/mg)"/") is the empirical
constant of adsorption capacity; n presents the adsorp-
tion intensity, giving an indication of how favorable
the adsorption process, which assesses the poor
adsorption (n<1) or preferential adsorption (n>1).
The linear form of the equation is as follows [4]:

1
Ing. =InKr +£lnCe (11)

2.6.3. Adsorption thermodynamics

The thermodynamic parameters, including the free
energy changes (AG”® (k]/mol)), the standard enthalpy
changes (AH® (kJ]/mol)) and the entropy changes (AS°
(k]/mol)), were calculated to evaluate the exothermic
nature of the adsorption process. The Gibbs free
energy change of the process is related to the Lang-
muir isotherm equilibrium constant (K) by the follow-
ing equation [33]:

AG = —RTInK (12)

AG = AH — TAS (13)
where R is the ideal gas law constant (8.314]/(mol K));
T (K) is the absolute temperature; and K (L/mol) is
Langmuir adsorption constant. The value of AG was
obtained from above equation, and the values of AS
and AH were determined from the slope and the
intercept on the plot of AG vs. T.

3. Results and discussion
3.1. Characterization of the LGAC
3.1.1. Surface morphology of LGAC

The SEM micrograph (50,000xmagnification) of
LGAC is shown in Fig. 1(a). Plenty of irregular pores
were widely distributed on the rough surface. These
characteristics resulted from the infiltration of phos-
phate that facilitated the formation of pore structure
during carbonized and they are in favor of diffusion
of antibiotic molecules into LGAC.

3.1.2. Pore size distribution of LGAC

The pore size distribution and N, adsorption/
desorption isotherms are shown in Fig. 2. Given the
International Union of Pure and Applied Chemistry
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Fig. 1. (a) Scanning electron micrograph of LGAC; (b) XRD
profiles of lignin and LGAC.

classification, the adsorbent pores are referred to as
three groups: micropore width (<2nm), mesopore
width (2-50nm), and macropore width (>50nm) [34].
The N, adsorption/desorption isotherms [35] clearly
presented the mixture of types I and IV. The initial
part of the isotherms followed the same path as the
corresponding type I isotherm. The type I isotherm
region was quite steep at low P/P, and the uptake
was limiting owing to microporous substances with
narrow pores. Characteristic feature of the type IV is
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Fig. 2. Pore size distribution of LGAC. The inset is N»
adsorption/desorption isotherm of LGAC at 77 K.

considered as the monolayer-multilayer adsorption on
the mesopore walls. Thus, the adsorption and desorp-
tion isotherms revealed the existence of micropores
and mesopores simultaneously.

The porous structure parameters for LGAC includ-
ing the BET surface area and pore volume were calcu-
lated in Table 1. The results illustrated that the LGAC
was with high surface area of 931.53 m?/ g, and the
micropore surface area was 492.91m?/g. Both the
microspore (62.5%) and mesopore (37.5%) were pres-
ent in the sample.

3.1.3. XRD analysis of LGAC

The XRD patterns of lignin and LGAC are pre-
sented in Fig. 1(b). One strong peak was detected at
around 23°, in line with the (002) disordered stacking
of micrographites, indicating that the atoms of lignin
were in an amorphous phase. The diffraction peak
coming in the LGAC might be caused by carboniza-
tion and activation process.

$25zﬁrlal characterization of LGAC and the Boehm titration and pHp,. results of LGAC
Sample SpET” Sextb Smic” Vtotd Vext® Vmicf Dy'
m?/g) (m*/g) (%) (m?/g) (%)  (cm’/g) (em®/g) (%)  (m’/g) (%)  (nm)
LGAC 931.53 438.62 471 49291 529 04021 0.1507 375 0.2514 625 118
Sample  pHp,. Carboxyl Lactone Phenolic Acidic Basic Total
(mmol/g) (mmol/g) (mmol/g)  (mmol/g) (mmol/g) (mmol/g)
LGAC 2.61 2.1966 0 1.7031 3.8977 0.1755 4.0732

2BET surface area; Pexternal surface area; “micropore surface area; dtotal pore volume; “mesopore volume; fmicropore volume; ‘mean pore

diameter.
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Fig. 3. Effect of contact time and comparison of different
kinetic models at different initial concentrations: (a) TC
adsorption on LGAC; (b) CPX adsorption on LGAC.

3.1.4. Boehm titration and pH,,. results

As shown in Table 1, there were no lactone groups,
and the amount of acidic groups was much larger than
the basic ones on the sample surface, and thus the

Table 2
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activated carbon was perceived as acidic material. To
the best of our knowledge, the acid groups are benefi-
cial for ion exchange and electrostatic adsorption. The
pHp.c value was obtained as 2.61, which was consis-
tent to the results of Boehm titration.

3.2. Effect of contact time and adsorption kinetics

Effect of contact time on the adsorption of TC and
CPX by LGAC for different initial concentrations was
investigated. As shown in Fig. 3, the contact time
required to attain equilibrium was about 1,000 min for
both TC and CPX. The adsoption rate was quite high
initially, and then dropped. Finally, the adsorption
capacity for the removal of TC was 317.5mg/g, com-
pared to CPX 318.1mg/g.

It can be seen in Fig. 3 that the pseudo-second-order
kinetic curves gave a better fit to the experimental
kinetic data than the Elovich model. The correlation
coefficients and the parameters calculated from the
pseudo-second-order model and Elovich model were
given in Table 2. The adsorption data agreed well with
the two models, indicating that the chemical adsorption
occurred in the process.

As Fig. 4 demonstrated, three stages during
adsorption process appeared according to the intra-
particle diffusion model. The initial curve of the plot
indicated that the external mass transferred on the
surface of the adsorbent. The second stage implied
the intra-particle diffusion was rate-limiting, and the
third stage was deemed as the final equilibrium due
to little CPX left in solution. Besides, the related
parameters including k,;, C; and R? are shown in
Table 3. The values of C; were high; meanwhile, the
values of R®> were greater than 0.9 at different
stages, suggesting that the boundary layer might
have a great effect on the adsorption behavior. All
the results suggested that both surface adsorption
and intra-particle diffusion occurred simultaneously
during the process.

Pseudo-second-order kinetic, Elovich parameter for the adsorption of TC and CPX (LGAC dose=1g/L; pH=>5.50+0.03;

temperature =293 K)

Antibiotics e, exp (Mg/g) Pseudo-second-model parameter Elovich model parameter
kx107° (mg/(gmin)) g, o (mg/g)  R2 a (mg/(gmin)) b (mg/g) R’
TC 296.5358 0.3099 294.1176 0.9996  29.94 107.82 0.9659
317.5121 0.3230 312.5000 0.9995  29.83 127.57 0.9713
CPX 302.5433 0.4356 303.0303 0.9999  29.68 123.19 0.9326
318.1494 0.4021 322.5806 0.9999  30.15 134.69 0.9360
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Fig. 4. Intra-particle diffusion equation fit of the adsorption
kinetics: (a) TC adsorption; (b) CPX adsorption (LGAC
dose=1g/L; pH=>5.50 = 0.03; temperature = 293 K).

3.3. Effect of temperature and adsorption isotherms

In this study, the effect of temperature on adsorp-
tion process was investigated at 293, 303, and 313 K.
As can be seen from Fig. 5, for TC, the extent of
adsorption increased as temperatures rised and the
maximal adsorption capacity was up to 473.1mg/g at

Table 3
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Fig. 5. Effect of temperature and comparison of different
isotherm models at three different temperatures: (a) TC
adsorption; (b) CPX adsorption (LGAC dose=1g/L;
pH=5.50+0.03).

313K. It seemed that the increase in temperature
provided the potential activation energy required to
facilitate the TC into the activated complex, thus

Intra-particle diffusion model parameters for the adsorption of TC and CPX onto LGAC (LGAC dose=1g/L; pH=5.50

+0.03; temperature =293 K)

The second stage The third stage

Adsorbates Initial concentrations (mg/L) The first stage
Kpl Cl
TC 320 34.153 64.589
420 25.465 104.650
CPX 320 27.289 91.392
400 32976  89.666

R)*  Kp G (R2)* Ky Cs (R

0.9288 7.3645 179.78 0.9292 1.2227 258.75 0.9751
0.904 5.6205 217.21 0.9715 1.3434 275.85 0.9779
0.9276 3.197 23758 09129 0.3718 290.68 0.9473
09694 6.8718 219.72 0.9578 09197 290.7 09164
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Table 4
Fitted Langmuir, Temkin, Freundlich parameters and correlation for adsorption isotherms (LGAC dose=1g/L; pH=>5.50
+0.03)
Isotherm models Constants TC CPX
293K 303K 313K 293K 303K 313K
Langmuir Qn (mg/g) 397.21 44487 475.48 418.60 407.96 396.32
K, (L/mg) 0.7783 0.5749 0.9941 0.8301 0.6877 0.7417
R? 0.9998 0.9992 0.9999 0.9993 0.9988 0.9994
Temkin Kr (L/mg) 6638.99 1061.45 301.48 5625.93 8983.53 3462.87
B 29.084 37.720 47.883 31.593 29.414 30.857
R? 0.9856 0.9782 0.9086 0.9462 0.9531 0.9140
Freundlich K (mg/g (L/ mg)l/ ) 247.9929 253.8897 263.6968 260.2909 255.6732 242.2088
n 9.9701 8.2102 6.8871 9.2507 9.6993 9.1912
R? 0.9648 0.9376 0.8382 0.8924 0.9060 0.8578
Table 5
Comparison of maximum adsorption for TC and CIP on various adsorbents reported in literature
Adsorbent Gmax (MG/g) References
Marine sediments TC-50.0 [2]
Palygorskite TC-93.33 [36]
Garphene oxide TC-313 [37]
LGAC TC-475.48 This study
Modified coal fly ash CIP-1.58 [4]
Surface-modified carbon CIP-300 [5]
2:1 dioctahedral clay minerals CIP-394.31 [23]
Cyperus alternifolius activated carbon CIP-377.359 [38]
Arundo donax Linn. activated carbon CIP-418.41 [39]
LGAC CIP-418.60 This study

Table 6

Thermodynamic parameters for the uptake of antibiotics on LGAC calculated under standard conditions (LGAC

dose=1g/L; pH=>5.50+0.03)

Adsorbates T (K)

TC 293
303
313

CPX 293
303
313

AG” (k] /mol)

—31.06837
—31.36564
—33.82593

—30.51003
—31.07724
—32.2996

AH" (kJ/mol)

9.6903

—4.1836

AS”® (k] /mol)

0.1379

0.0895

enhancing the adsorption capacity by the activated car-
bon. While for CPX, the adsorption capacity dropped
slightly with an increase in temperature, and the maxi-

mum uptake was 419.1mg/g. The values of the con-
stants for the three isotherms are listed in Table 4. The
adsorption behavior for TC and CPX fitted the three
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models with high correlation coefficients. The equilib-
rium data were better fitted by the Langmuir equation,
when compared to the Temkin and Freundlich equa-
tions, suggesting that the adsorption process on LGAC
was the single molecule layer adsorption. As shown in
Table 4, the n values of the Freundlich isotherm were
higher than 1.0 for all temperatures, reflecting that it is
favorable for the TC and CPX adsorption onto LGAC.
For comparison, Table 5 reveals the maximum adsorp-
tion capacity of other adsorbents. A comparison with
these adsorbents also demonstrated high TC and CPX
adsorption capacity of LGAC and confirmed the suit-
ability for the two antibiotics.

3.4. Adsorption thermodynamics

Thermodynamics parameters are shown in Table 6.
The negative values of AG® indicated that the adsorp-
tion was spontaneous. The absolute values of AG®
increased with temperature, implying that higher tem-
perature made for the adsorption of the antibiotics on
LGAC. The values of AS° calculated from the equation
were given as 0.1379 and 0.0895kJ/mol. The positive
values of AS® informed that the adsorption was spon-
taneous and favorable. The value of AH® (9.6903k]/
mol) was positive for TC, suggesting that the reaction
was endothermic. On the contrary, the negative values
of AH® (—4.1836 k] /mol) for CPX indicated an exother-
mic reaction.

3.5. Desorption studies

Desorption studies are considered as one of the
effective methods to evaluate the feasibility of regen-
erating the spent activated carbon. The desorption
rates of 0.01M HCI, 0.05M HCI], 0.01M NaOH, and
0.05M NaOH were found to be 0.18, 0.29, 22.1 and
22.7% for TC and 3.86, 4.40, 50.57 and 54.52% for
CPX. The results indicated that NaOH had better
desorption ability, comparing to HCI, implying that
the mechanism of TC and CPX adsorption onto LGAC
included predominantly chemisorptions with strong
bonds.

4. Conclusions

In this study, activated carbon was made from lig-
nin using H;PO, activation and the muffle furnace
heating method. LGAC had a large surface area of
931.5m?/g, and the amount of acidic surface func-
tional groups (3.8977mM/g) was much larger than
basic groups (0.1755mM/g). LGAC was an efficient
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adsorbent for removal of TC and CPX, and the maxi-
mum adsorption capacity for TC and CPX, calculated
from the Langmuir isotherm model, achieved 475.48
and 418.60 mg/g. Furthermore, the adsorption kinetics
for both TC and CPX followed the pseudo-second-
order model (R*>0.99), implying the sorption rate
was controlled by chemical interaction. The adsorp-
tion isotherm models fitted the data in the following
order: Langmuir>Temkin > Freundlich  isotherms.
Thermodynamics analyses indicated that the adsorp-
tion was spontaneous and favorable, with endother-
mic nature (AH">0) of adsorption of TC onto LGAC
and exothermic nature (AH°<0) of CPX onto LGAC.
The adsorbent is in a good way of renewable and a
promising high-efficiency adsorbent for TC and CIP
removal.
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