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Activated carbon fibers (ACFs) were prepared for the removal of p-nitroaniline (PNA) from cotton stalk
by chemical activation with NH4H,PO4 and subsequent physical activation with steam. Surface proper-
ties of the prepared ACFs were performed using nitrogen adsorption, FTIR spectroscopy and SEM. The
influence of contact time, solution temperature and surface property on PNA adsorption onto the pre-
pared ACFs was investigated by conducting a series of batch adsorption experiments. The kinetic rates at
different temperatures were modeled by using the Lagergren-first-order, pseudo-second-order, Morris’s
intraparticle diffusion and Boyd’s film-diffusion models, respectively. It was found that the maximum
adsorption of PNA on the ACFs was more than 510 mg/L, and over 60% adsorption occurred in first 25 min.
The effect of temperature on the adsorption was related to the contacting time and the micropore struc-
ture of the adsorbents. And the increase of micropore surface area favored the adsorption process. Kinetic
rates fitted the pseudo-second-order model very well. The pore diffusion played an important role in the
entire adsorption period, and intraparticle diffusion was the rate-limiting step in the beginning 20 min.
The Freundlich model provided a better data fitting as compared with the Langmuir model. The sur-
face micrograph of the ACF after adsorption showed a distinct roughness with oval patterns. The results
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revealed that the adsorption was in part with multimolecular layers of coverage.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

p-Nitroaniline (PNA) can be found in wastewater discharges
from industries where it is either manufactured or used as an
intermediate such as azo dyes, antioxidants, fuel additives, pesti-
cides, antiseptic agents and medicines for poultry [1]. PNA is highly
toxic with a TLV (Threshold Limit Value) of 0.001 kg/m3. The pres-
ence of PNA in water may cause long-term adverse effects in the
aquatic environment in terms of its hematoxicity, splenotoxicity
and nephrotoxicity [2-4]. Therefore it has been enlisted as one of
the major contaminants in water worldwide.

Various attempts have been made for PNA removal from aque-
ous solutions, which include hydrothermal decomposition [5],
Fenton oxidation [6], photocatalytic degradation [7], biodegra-
dation [8], adsorption [9-11] and others [12-13]. Adsorption
has been shown to be one most promising technology for PNA
removal. Activated carbon fibers (ACFs) are novel and fibrous
carbonaceous adsorbents. ACFs have many favorable character-
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istics such as high adsorption capacity and high mass transfer
rate for both adsorption or desorption, and are easy to be han-
dled in a batch adsorber as compared with granular and powdered
AC [14,15]. Therefore, ACFs have received increasing attention in
recent years as adsorbents for water treatment [16,17]. However,
the kinetic and mechanism of PNA adsorption onto ACF was seldom
reported [18].

As cotton is one major crop in China, which cultivation area
surpass 5.5 million hectare, and as much as 20 million tons
(dry weight) of cotton stalk are produced annually [19], a better
way for the exploitation of this cheap and abundant agricul-
tural by-products is to turn it into ACFs. In our previous work,
ACFs have successfully prepared from cotton stalk fiber for PNA
removal by activation with KH,PO4 and gasification with steam
[18]. In this paper, we will explain the adsorption of PNA on
the ACFs prepared from cotton stalk fiber by chemical activa-
tion with NH4H,PO4 and subsequent physical activation with
steam.

The aim of this work is to evaluate the adsorption potential of the
ACFs prepared from cotton stalk fiber for the removal of PNA from
aqueous solution. Influencing factors on PNA adsorption, includ-
ing contact time, temperature and surface property of the ACFs
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Nomenclature

B constant in Eq. (9)

Co initial concentration of adsorbate in solution (mg/L)

Ce concentration of adsorbate in solution at equilib-
rium (mg/L)

Ct concentration of adsorbate in solution at any time t
(mg/L)

Cw resistance to mass transfer in the external liquid film
(mg/g)

D; effective diffusivity of solute within the particle
(cm?[s)

F fractional attainment of equilibrium at time t

ho initial rate of adsorption of Lagergren-first-order
model (mg/(g min))

ho initial rate of adsorption of pseudo-second-order
model (mg/(g min))

kq rate constant of Lagergren-first-order kinetic model
(min~1)

ko rate constant of Ho’s pseudo-second-order kinetic
model (g/(mgmin))

Ky Langmuir constant related to the energy of adsorp-
tion (L/mg)

Kg adsorption capacity parameter of Freundlich
((mg/L)!/m)

Kw intraparticular diffusion rate (mg/(g min®?))

ny integer that defines the infinite series solution

ng isotherm exponent of Freundlich equation

N number of measurements made

q° maximum mass of adsorbate adsorbed on the adsor-
bent (mg/g)

Qe amount of adsorbate adsorbed on the adsorbent at
equilibrium (mg/g)

qr amount of adsorbate adsorbed on the adsorbent at
any time t (mg/g)

qt.exp experimental amount of adsorbate adsorbed on the
adsorbent (mg/g)

Qecal calculated amount of adsorbate adsorbed on the
adsorbent (mg/g)

p particle radius of adsorbent particle, assumed to be
spherical (cm)

t time (min)

Vv solution volume (L)

w mass of adsorbent (g)

were investigated, and the adsorption mechanism was suggested
according to the kinetic experimental results.

2. Experimental
2.1. Adsorbent

2.1.1. Preparation of ACFs

The precursor used for the production of ACFs was cotton stalk
fiber provided by Hubei Chemical Fiber Co., China. A horizontal
tubular furnace with an artificial intelligence temperature con-
troller AI708P and a 60 cm tubular ceramic insert was used for the
production of the carbon. Raw cotton stalk fiber was impregnated
with a 4% NH4H, PO, solution with a mass ratio of 1:60 and stirred
for 60 min. Then the mixed precursors were filtered and dried in
an oven at 105°C. After that, ten grams of the mixed precursors
were placed in a 10 cm stainless steel container positioned in the
horizontal tubular furnace. Stabilization was carried out by heat-
ing to 250°C at a rate of 10°C/min under a constant high purity

nitrogen flow of 80 cm3/min and by maintaining the temperature
for 60 min. The carbonization was then carried out by raising the
temperature at a rate of 10°C/min to 600 °C, and maintaining the
temperature for 30 min. The furnace was then heated (10°C/min)
to different target temperature and the gas flow was switched to a
water steam. Different reaction times were then applied for the pro-
duction of cotton stalk ACF. The ACF activated at 800 °C for 30 min is
referred to as CS800, and the sample activated at 850 °C for 20 min
is referred to as CS850. The resultant ACFs were cooled in a stream
of gaseous nitrogen. In order to remove all the chemicals and min-
eral matters, the prepared ACFs were washed with HCI (0.1 mol/L)
for at least 12 h, and then were rinsed with deionized water in a
soxhlet extractor until the washing water pH was in the range of
6-7.

2.2. Surface properties

2.2.1. Measurement of pore structure

The pore structures of the ACFs were characterized by nitrogen
adsorption at —196°C by using a computer controlled automated
porosimeter (Micromeritics ASAP-2020, America). Prior to adsorp-
tion, the sample was out-gassed under vacuum at 300°C for 12 h.
Nitrogen adsorption isotherms were analyzed by applying the
standard Brunauer-Emmett-Teller (BET) equation to calculate the
specific surface area (Sggr), and the t-plot method was used to cal-
culate the micropore volume (Vo )- The total pore volume (Vigra))
was deduced from the adsorption data based on the manufac-
turer’s software, and the pore size distribution was derived from
the density functional theory (DFT). The t-plot method was used
to calculate the micropore volume (V ;o) and the exterior surface
area (Sext). The micropore surface area (Spicro) Was obtained from
SBET minus Sext-

2.2.2. Scanning electron microscopy

A scanning electron microscope (Hitachi S4800, Japan) was used
to visualize the surface morphology and structure of CS850 before
and after adsorption of PNA.

2.2.3. Elemental analysis

The elemental analysis of the adsorbent was obtained from
a CHN-O-Rapid elemental analytical instrument (Elementer, Ger-
many).

2.2.4. Fourier transform infrared spectroscopy (FTIR)

The surface functional groups of the adsorbent were detected
by FTIR (NEXUS870, America-Nicolet). The pH at the point of zero
charge (pHpzc) was determined by a batch equilibrium method
described by Babic [20].

2.3. Chemicals

All the reagents used were of analytical grade and without fur-
ther purification. The chemicals used in this study, i.e., NH4H; POy,
HCl, NaOH and PNA, were purchased from Shanghai Chemical
Reagent Co., China. PNA solution (200 mg/L) was prepared by dis-
solving required amount of PNA in distilled water in the adsorption
test.

2.4. Adsorption studies

In batch adsorption experiments, different doses of adsorbent
(0.10-1.30g/L) were added into several 250 mL Erlenmeyer flasks,
each containing 100 mL PNA solution (200 mg/L) at 25°C in order
to determine the adsorption isotherms and to evaluate the effect
of temperature on PNA adsorption. Following this, the flasks were
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shaken at 150 rpm at a pre-settled temperature for 24 h in a con-
stant temperature shaker (Shanghai Scientific Instrument Co. Ltd.,
China). Samples were filtrated, and then the concentrations of PNA
at equilibrium (Ce) were determined.

In kinetic studies, batch experiments were conducted at differ-
ent periods by adding 0.2415g adsorbent into each 500 mL PNA
solution at 25, 35, 45 and 55 °C, respectively. Samples were col-
lected periodically at every 5min for the first 30 min and then at
every 15 min for kinetic studies.

The amount of PNA adsorbed per unit mass of adsorbent at time
t (q¢) and at equilibrium (qe) was calculated according to the fol-
lowing two equations:

g = A0 (1)
g = o) @)

2.5. Analysis

The concentrations of PNA were analyzed by using a Helious
Betra UV-vis spectrometer (Unicam Co., UK) that gave good linear-
ity for the absorbency versus PNA concentration at its maximum
absorbency wavelength 381 nm. In order to prevent pH from affect-
ing absorbency of PNA samples, all samples were basified to a pH
level of 8.0 by addition of 0.1 mol/L sodium hydroxide.

3. Results and discussion
3.1. Characteristics of the adsorbent

Fig. 1 shows the DFT pore size distributions of the prepared ACFs,
CS800 and CS850. Table 1 contains the BET surface area (Sggr), t-plot
micropore area (Spicro ), €Xternal surface area (including mesopores
and macropores area, Sext ), total pore volume (Vi3 ), t-plot microp-
ore volume (Vpicro) and average pore width (Dy ) results. It is easily
found that the two ACFs have remarkable BET surface area, which is
predominantly contributed by micropores. The average pore width
of CS800 and CS850 is 2.07 nm and 1.72 nm, respectively. Percent-
age of micropore area is 71.8% and 73.8% respectively, showing
that the two adsorbents are dominantly micropores. Fig. 2 shows
the FTIR spectra of CS800 and CS850, which display the following
bands of 1167 cm~! (C-0), 1563 cm~! (C=0), 2278 cm~! (N=C=0)
and 3430 cm~! (N-H) [21,22].
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Fig. 1. Pore size distributions of CS800 and CS850 by DFT method.

Table 1
Main characteristic of CS800 and CS850.
Parameter CS800 CS850
BET surface area (m?/g) 1376 1736
t-Plot micropore area (m?/g) 1005 1056
t-Plot external area (m?/g) 371 680
t-Plot micropore volume (cm?/g) 0.49 0.46
Total pore volume (cm?/g) 0.66 0.84
Average pore width (nm) 2.07 1.72
Bulk density (g/cm?) 0.47 0.43
PHpzc 58 6.3
Elemental analysis (wt.%)
C 87.89 89.12
H 1.41 1.08
N 0.51 0.29
(0] 10.19 9.51
1167 1563
3 2278 3430
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Fig. 2. The FTIR spectra of CS800 and CS850.

3.2. Effect of contact time on the adsorption

Fig. 3 shows the effect of contact time on PNA adsorption on
CS800 and CS850. The figure reveals that PNA adsorption on the two
adsorbents had similar trends. More than 60% adsorption occurred
within 25 min, and the equilibrium was attained within 180 min.
The initial higher adsorption rate may be attributed to the large
number of most active sites available. The decrease of adsorption
rate with contact time could be due to the saturation of active sites
and decrease of PNA concentrations [ 19]. Moreover, the higher PNA
adsorption capacity of CS850 than that of CS800 should be due to
the difference of pore characteristics of the two adsorbents [23]. As
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Fig. 3. Effect of contact time on PNA adsorption (V, 500 mL; Co, 200 mg/L; T, 25°C;
adsorbent dose, 0.2415 g/500 mL; pH, 7.0).
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Fig. 4. Effect of solution temperature on the adsorption of PNA on CS800 and CS850
(V, 500 mL; Cp, 200 mg/L; adsorbent dose, 0.2415 g/500 mL; pH, 7.0).

shown in Table 1, the micropore area of CS850 is more than that
of CS800, indicating more active sites available on the surface of
CS850 than those on CS800 [24]. In addition, the former have higher
volume in transition pores (>1.0 nm) for PNA adsorption, which
reduces the diffusion path length to primary micropores [25].

3.3. Effect of temperature

Fig. 4a and b shows the effect of solution temperature on PNA
adsorption onto CS800 and CS850. It is found that the effect of tem-
perature on the adsorption was related to the contact time and
the pore structures of the adsorbents. When solution temperature
increased from 25 to 55°C, the equilibrium adsorption amount of
PNA decreased from 328 mg/g to 289 mg/g for CS800 and from
355mg/g to 339 mg/g for CS850, respectively. The effect of tem-
perature on the PNA adsorption on CS850 was less than that on
CS800. It should be due to the higher binding affinity of CS850 with
PNA molecules since it has a larger surface area and a smaller pore

K. Li et al. / Journal of Hazardous Materials 178 (2010) 553-559
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Fig. 5. Ho's pseudo-second-order model kinetic model fit for PNA adsorption on
CS850 at different temperatures.

width than CS800 [26]. The equilibrium PNA adsorption decreased
with increasing temperature, indicating that the adsorption was an
exothermic process [27].

In addition, Fig. 4 reveals that the effect of temperature on PNA
adsorption varied with contact time. The adsorption amount g; at
fixed time t changed slightly with temperature as contact time less
than 30 min. This phenomenon could be attributed to the hetero-
geneity of the adsorption sites on the surface of the prepared ACFs.
Generally, more active sites are initially occupied by the adsorbates,
and then less active sites. Hence, there were many more active
sites available on the surface of the prepared ACFs in initial adsorp-
tion step. The binding affinity of active sites with the PNA was so
high in the beginning 30 min that the effect of temperature on the
adsorption could be ignored.

3.4. Adsorption kinetics

In order to investigate the kinetics of adsorption of PNA, the
Lagergren-first-order model [28] and Ho’s pseudo-second-order
model [29] were used.

t

e = e — gee 3)

t

= 1 kaa2) + t/ge @

The values of the parameters and the correlation coefficients
obtained by using non-linear regression are listed in Table 2. And
the Ho’s pseudo-second-order kinetic model fit for PNA adsorption
on CS850 at four different temperatures is illustrated in Fig. 5. In
order to compare the validity of each kinetic model, a normalized

Table 2
Kinetic parameters for PNA adsorption on CS800 and CS850 at different temperatures.
Kinetic model Parameter CS800 CS850
25°C 35°C 45°C 55°C 25°C 35°C 45°C 55°C
Gemeas (ME/8) 318 315 299 273 326 324 323 314
ki (min~1) 0.0440 0.0522 0.0592 0.0773 0.0544 0.0615 0.0668 0.0822
Lagergren-first-order R? 0.978 0.989 0.987 0.972 0.958 0.943 0.943 0.950
Aq (%) 17.54 11.41 13.18 13.14 18.14 18.52 18.06 15.23
ho.1 14 16 18 21 18 20 22 26
emeas (NG/E) 356 348 328 297 360 354 352 340
k> (g/mg min) 0.00016 0.00021 0.00026 0.00039 0.00021 0.00026 0.00029 0.00037
Pseudo-second-order R? 0.993 0.998 0.995 0.996 0.991 0.987 0.986 0.992
Aq (%) 10.54 2.26 5.60 5.30 10.54 9.84 9.51 6.59
ho2 20 26 28 34 27 B8 36 43
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standard deviation Aq (%) was calculated using the Eq. (5).

2
AQ(%) = 100\/2[(qfanDNCit,lcal)/Qt,exp] 5)

From Table 2, it is found that the values of correlation coeffi-
cients for the pseudo-second-order model are all higher than those
for the Lagergren-first-order model. Moreover, the values of Aq
(%) for the Ho’s pseudo-second-order model are lower than those
for the Lagergren-first-order model. Therefore, the Ho’s pseudo-
second-order model could be used for the prediction of the kinetics
of adsorption of PNA on the adsorbents.

The initial rates of adsorption can be calculated from the
Lagergren-first-order and pseudo-second-order model from the
following two equations:

ho,1 = k1ge (6)
ho,z = kzqg (7)

The obtained results are listed in Table 2. It is found that the ini-
tial rates of PNA adsorption on CS850 at all different temperatures
are higher than those on CS800, which confirms the fact that CS850
exhibits a higher binding affinity with PNA than CS800.

3.5. Mechanism of adsorption

In order to gain insight into the mechanisms and rate-
controlling steps affecting the kinetics of adsorption, the kinetic
experimental results were fitted to the Morris’s intraparticle dif-
fusion [30] and Boyd’s film-diffusion model [31]. The rate of
intraparticle diffusion is a function of t>> and can be defined as
follows:

0.5
D
qr =f<r2t> = Kwt®® + cw (8)

p

The K,y values can be obtained by plotting q; against time. The
intercept value, cy, represents the resistance to mass transfer in the
external liquid film. If the plot is linear and passes through the ori-
gin then pore diffusion controls the rate of mass transfer. If the plot
is non-linear or linear but does not pass through the origin, then
it is concluded that film-diffusion or chemical reaction control the
adsorption rate. The previous studies [15,32] showed that the plot
usually presents multi-linearity, indicating that the overall adsorp-
tion process may be controlled by more steps such as film diffusion,
intraparticle diffusion and a chemical reaction on the pore surface.
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Fig. 6. Intraparticle diffusion plots for PNA adsorption on CS800 (a) and CS850 (b)
at different temperatures.

As shown in Fig. 6a and b, the plots for intraparticle diffusion
model for the two adsorbents at four different temperatures are
not straight lines, indicating the film-diffusion mechanism is the
rate-controlling step in the whole adsorption process. However,
the regression was linear and passed nearly through the origin in
the first 20 min. The result suggested that the pore diffusion played
an important role in this stage. The values of Ky and intercept cy
evaluated from the first linear parts for the two prepared ACFs at
four different temperatures are shown in Table 3. The Ky values
for CS850 are all higher than those for CS800 at four different tem-
peratures, implying the initial rates of PNA adsorption on CS850

Table 3
Diffusion coefficients for PNA adsorption on CS800 and CS850 at different temperatures.
Model Carbon T(°C) Intercept ¢y Ky (mg/g min®>) R?
CS800 25 0.775 41.339 0.991
35 -7.797 46.377 0.990
45 —-4.114 46.519 0.995
Morris’s intraparticle diffusion =) Lo it L
OIEBINEEPEIEE R CS850 25 4555 47.344 0.996
35 8.718 48.586 0.984
45 11.845 49.900 0.976
55 9.266 53.844 0.987
T(°C) Intercept cp, B R?
CS800 25 —0.005 0.020 0.997
35 —0.032 0.028 0.986
45 -0.037 0.033 0.974
) . . 55 —0.028 0.039 0.994
Boyd's film-diffusion €S850 25 ~0.004 0.023 0.997
35 0.007 0.027 0.992
45 0.015 0.029 0.990
55 0.002 0.037 0.999
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Table 4
Isotherm parameters for PNA adsorption on CS800 and CS850 at 25°C.

Adsorbent Langmuir model Freundlich model
q° Ki R? Aq (%) Ke ng R? Aq (%)
CS800 420.97 0.1848 0.841 13.68 150.3 456 0.999 0.97
€S850 510.98 0.1284 0.924 18.53 144.7 3.72 0.989 8.65
were higher than those on CS800 [30]. The values of intercept cw 560
for CS850 are all higher than that for CS800, indicating the more .
resistance to mass transfer in the external liquid film for CS850 480
than that for CS800 [32].
The Boyd'’s film-diffusion model is expressed as: o 400
6 \vn/1 £
1 (8) 5 () e
n=1 b =
. . 240 1 e CS850
The value of F can be obtained by the expression:
= (CS800
ol (10) 160 -
Je °
Rearranging the above equations gives: 0 25 50 75 100 125 150
F values > 0.85 Bt = —0.4977 — In(1 — F) (11) Ce(mglL)
and for Fig.7. Isotherm plots for PNA on CS800 and CS850 at 25 °C (V, 100 mL; Cy, 200 mg/L;

2
mw2F
F values < 0.85 Bt= [ /& — -5 (12)

The values of Bt can be calculated from Egs. (10)-(12). B can be
used to calculate the effective diffusion coefficient, D; (cm2/s), from
the equation:

JTZDi

V)
s

B= (13)

Egs. (10)-(12) can be used in predicting the mechanism of the
adsorption process. This is done by plotting Bt against time t. B and
¢y, are the slope and intercept of the line, respectively. If the plot is
linear and passes through the origin, then pore diffusion controls
the rate of mass transfer. If the plot is non-linear or linear but does
not pass through the origin, then it is concluded that film-diffusion
or chemical reaction control the adsorption rate [31].

The Bt values were plotted against time t in 20 min for the two
adsorbents at four different temperatures. The values of B and ¢,
are shown in Table 3. It is found that the values of intercept c;, are
all nearly zero, further confirming that the adsorption was mainly
controlled by pore diffusion in the first adsorption step [33].

3.6. Adsorption equilibrium

The adsorption isotherms measured for PNA on CS800 and
CS850 at 25 °C are plotted in Fig. 7. Both the isotherms belong to the
L-type of the classification proposed by Giles et al. [34]. Such type
of isotherms may be fitted to the Langmuir [35] and Freundlich [36]
models:

_ Kig°Ce
Ge = T1K.Co (14)
ge = KpCe'/" (15)

The equilibrium adsorption studies were conducted using var-
ious adsorbent dose of 0.10-1.30g/L at pH 7.0 at 25°C. Isotherm
parameters of the two models obtained by using non-linear regres-
sion are listed in Table 4. It is found that the fitting to the Freundlich
equation gave the higher values of correlation coefficients than
those for the Langmuir equation. Further more, the values of Agq
(%) for the Freundlich equation are all lower than those for the

T, 25°C; adsorbent dose, 0.10-1.30g/L; pH, 7.0).

54800 10.0kV 3.6mm x400k SE(M) 7/22/2008 : WClClnmI

10:0kV 10.1mim x300k SE(U) 12/11/2009

Fig. 8. The SEM photographs of CS850 (a) before PNA adsorption and (b) after PNA
adsorption.
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Langmuir equation. The above results showed that the empiri-
cal Freundlich equation was better than the Langmuir equation in
describing the behavior of PNA adsorption onto the two adsorbents,
implying that the adsorption process involved multimolecular lay-
ers of coverage [37].

SEM is widely used to study the morphological features and
surface characteristics of the adsorbent materials [37,38]. In the
present study, SEM is used to assess morphological changes in
the carbon surfaces following adsorption of the PNA molecules.
The SEM photographs of CS850 before and after PNA adsorption
are shown in Fig. 8. It is found that the surface micrograph of
CS850 after PNA adsorption showed a distinct roughness with
oval patterns as shown in Fig. 7b. The observed phenomenon also
provided further evidence that the adsorption process involved
multimolecular layers of coverage on CS850 surface. The previ-
ous studies [38,39] also showed that the external surface displayed
more curved planes and holes after adsorption. This phenomenon
was ascribed to heterogeneous energy distribution of the activated
adsorption sites on the surface of the activated carbons [39].

4. Conclusion

The present study shows that the ACFs prepared from cotton
stalk fiber can be used as adsorbents for the removal of PNA from
aqueous solutions. The prepared cotton stalk ACFs have very large
BET surface area, which is primarily almost contributed by micro-
pores. The maximum PNA adsorption on the ACFs was found to
be more than 510 mg/L, and over 60% adsorption occurred in the
beginning 25 min. The pseudo-second-order equation was found to
explain the adsorption kinetics most effectively. The equilibrium
adsorption amount increased with the increase of micropore area.
The pore diffusion played an important role in the PNA adsorption
on the prepared ACFs, and intraparticle diffusion was the rate-
limiting step in the beginning 20 min. The equilibrium adsorption
amount decreased with increasing temperature, indicating that the
adsorption is an exothermic process. The Langmuir and Freundlich
models were used to interpret the adsorption phenomenon of the
adsorbate, and the results implied that the surface of the cotton
stalk activated carbons is heterogeneous, which is consistent with
the observed phenomenon of SEM.
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