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Abstract Two types of lignin-based carbon fibers were
prepared by electrospinning method. The first was
activated with Fe3O4 (LCF-Fe), and the second was not
activated with Fe3O4 (LCF). Gas phase adsorption
isotherms for toluene on LCF-Fe and LCF were studied.
The gas phase adsorption isotherm for 0% RH showed
LCF-Fe have about 439 mg/g adsorption capacity which
was close to that of commercially available activated
carbon (500 mg/g). The Dubinin-Radushkevich equation
described the isotherm data very well. Competitive
adsorption isotherms between water vapor and toluene
were measured for their RH from 0 to 80%. The effect of
humidity on toluene gas-phase adsorption was predicted
by using the Okazaki et al. model. In addition, a constant
pattern homogeneous surface diffusion model (CPHSDM)
was used to predict the toluene breakthrough curve of
continuous flow-packed columns containing LCF-Fe, and
its capacity was 412 mg/g. Our study, which included
material characterization, adsorption isotherms, kinetics,
the impact of humidity and fixed bed performance
modeling, demonstrated the suitability of lignin-based
carbon fiber for volatile organic compound removal from
gas streams.

Keywords lignin, carbon fiber, electrospinning, toluene,
humidity

1 Introduction

Different methods have been used in removing volatile

organic compounds (VOCs) from gaseous streams, such as
adsorption, condensation, catalytic oxidation and thermal
oxidation [1]. The adsorption of VOCs onto adsorbents is
an effective treatment process for low concentration levels
(ppm) [2,3]. The performance of adsorption depends on the
equilibrium capacity, kinetics and the impact of relative
humidity (RH). A good adsorbent must have a large
surface area and abundant pore structure. The presence of
water vapor exhibits the obvious effect on the adsorption of
VOCs; at low RH, less adsorption of water occurs; at high
RH, water hinders the adsorption of VOCs. So it is
necessary to select the fine adsorbent with a low capacity
of water at high relative humidity.
Activated carbons are well known as excellent adsor-

bents for the removal of VOCs due to their large surface
areas with large pore volumes [4,5]. Among activated
carbons, activated carbon fiber (ACF) exhibits the unique
advantage to remove the VOCs. It exhibits the higher
adsorption capacity than other adsorbents, which is
ascribed to its high BET surface area and large pore size
distribution [6,7]. Bio-renewable and bio-derived sources
such as agricultural residues and forest products have been
used as precursors of activated carbon-fiber extensively
[8]. The low cost and high availability of lignin makes it as
an excellent precursor for the production of activated
carbon [9,10]. Among the various preparation methods,
electrospinning is a simple and versatile method. It is
suitable for the production of high performance fibrous
materials with small diameters, abundant porosity, and
high surface area. Electrospinning also offers excellent
flexibility in producing fibers for a wide range of
applications [11]. Therefore, electrospinning method was
used to synthesize lignin based carbon fibers.
The incorporation of the metal particles on the surface of

carbon materials could alter their surface chemistry
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properties, but preserving the properties of the carbon
matrix. The excellent sorption ability of these materials is
linked to the catalytic action of metals. Fe3O4 catalyst is a
well-known catalyst, which produces high-performance
activated carbons during activation. In addition, the
incorporate Fe3O4 into porous supporting materials such
as activated carbon, graphene could prevent their agglom-
eration into larger ones [12].
The adsorption performance is not only related to the

adsorbent but also the characteristics of adsorbate (i.e.,
saturation vapor pressure and polarizability). Accordingly,
lower vapor pressure and larger polarizability is favorable
to adsorption. Many studies have identified excellent
isotherms for the adsorption of VOCs on ACF [13,14]. In
addition, it has been reported that water vapor could reduce
the adsorption capacity for VOCs [15,19]. Consequently, it
is important to prepare an activated carbon that can
perform well at high RH. The best activated carbons will
have very few hydrophilic sites (e.g., oxygen containing
functional groups on the surface) and will not adsorb water
vapor at low RH. However, at high RH, the adsorption of
VOCs is hindered due to the filling of water into the carbon
pores by capillary condensation. Accordingly, it is
important to prepare ACFs that have as few hydrophilic
sites as possible.
Therefore, we prepared ACFs from lignin using

electrospinning and evaluated their performance. The
major objectives of this study were to: (1) prepare highly
efficient lignin based carbon fiber adsorbents using
electrospinning, (2) develop an experimental protocol to
measure gas phase equilibrium isotherm data, (3) deter-
mine the gas phase isotherms capacity for toluene under
dry and humid conditions, (4) evaluate the effect of
humidity on gaseous adsorption capacities, (5) validate
models for gaseous adsorption equilibria of VOCs and the
impact of RH, and (6) predict the breakthrough curves
using a constant pattern homogeneous surface diffusion
model (CPHSDM).

2 Materials and methods

2.1 Raw materials

Lignin alkali and polyvinyl alcohol (PVA) were all
purchased from Sigma-Aldrich (St. Louis, MO, USA),
which were used to prepare solutions for electrospinning.
The proximate and ultimate analysis of lignin is shown in
Table 1. The acetic acid (ACS reagent≥99.7%) was
purchased from Sigma-Aldrich. All other reagents were

also purchased in analytical grade from Sigma-Aldrich. All
solutions were freshly prepared with ultrapure water.

2.2 Electrospinning

Lignin alkali was used as the carbon fiber precursor. In this
process, original acetic acid was used as the lignin solvent
and 1 g lignin was dissolved in 3 mL acetic acid to obtain
the lignin solution. And then, the solutions were agitated at
60 °C for 15 min, cooled to room temperature and stirred
for 120 min. 15 wt-% PVA aqueous solutions were
prepared. Then, 1 mL PVA solution was added to 3 mL
lignin solution to form a mixture solution. The mixture was
ultrasonicated for 1 h, and then used as the spinning
solution to synthesize the lignin-based fiber (LF) after
cooling to room temperature. In addition, 50 mg Fe3O4

catalyst were added into the mixture solution to synthesize
the lignin based fiber with Fe3O4 (LF-Fe).
The above suspensions used for electrospinning are

loaded into a 10 mL syringe with a 22-gauge needle. The
electrospinning process was operated under voltage of
18 kV and a flow rate of 0.4 mL/min. An aluminum
cylinder covered with aluminum foil was used as a
collector. The prepared electrospinning fibers were col-
lected and dry overnight at room temperature in a
desiccator.

2.3 Peroxidation and activation

The lignin-based fibers with and without Fe3O4 (LF and
LF-Fe) were first peroxided in a tubular furnace under air
atmosphere. The lignin-based fibers were heated from
room temperature to 200 °C with the rate of 0.5 °C/min,
kept at 200 °C for 36 h during the peroxidation process.
Subsequently, the thermos-stabilized fibers were activated
under a nitrogen atmosphere at 600 °C for 90 min. The
heating rate during activation was 10 °C/min. Samples
were then cooled to room temperature to form carbon
fibers with and without Fe3O4. The activated carbon fibers
that were activated with the Fe3O4 catalyst were washed
with ultrapure water to remove the Fe, and then dried.

2.4 Characterization

Brunauer-Emmett-Teller (BET) surface areas and pore
structure parameters were acquired by Micromeritics
ASAP 2020 with nitrogen adsorption at 77 K. Fourier
transform infrared spectroscopy (FTIR) (Bruker Tensor
27) was used to analyze the composition of prepared
carbon fiber in the range of (500 to 4000) cm–1. The point

Table 1 The proximate and ultimate analysis of lignina)

Sample Aad/% Mad/% Cad/% Had/% Nad/% Sad/% Oad/%

Alkali lignin 18.29 10.56 46.80 4.107 0.02 3.887 16.34

a) ad: air dry
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of zero charge for activated carbon surfaces was assessed
by titration. Carbon, hydrogen, sulfur and nitrogen
contents of prepared carbon fibers were measured by
Elemental Analyzer (Perkin-Elmer, Norwich, CT, USA).
The proximate analysis is determined according to the GB/
T212-2008 method. The amount of oxygen is determined
by the balance according to Equation:

Cad þ Had þ Oad þ Nad þ Sad þ Aad þMad ¼ 100

2.5 Adsorption isotherm procedure

Gas phase isotherm procedure. We used the constant
volume method to measure gas phase equilibrium data,
which involved using a bottle as a constant volume batch
reactor to which known amounts of toluene, water vapor
and activated carbon were added (Adsorption isotherms
were measured by Ryu et al. [20] using this method
[21,22]). 0.5 g adsorbents were weighed and placed at the
bottom of a glass bottle. The bottles were purged with
high-purity nitrogen. The pressure was kept at one
atmosphere. The pressure inside the bottle was measured
using a U-manometer. One port was connected to the
exhaust port of the bottle. The other port was opened to
achieve a final pressure of one atmosphere.
Different volumes of gaseous toluene were injected into

the glass bottle by using a syringe with a side-port needle
to acquire the desired initial concentration. The injected
quantities of toluene depended on the desired initial gas-
phase concentration. 18 μL toluene solutions were injected
into 155 mL glass bottle to acquire the initial concentration
of gaseous toluene. All of the glass bottles were
equilibrated under room temperature. After 1 h, the gas
toluene in each glass bottle was analyzed by using gas
chromatography.
Liquid-phase isotherm procedure. 0.1 g carbon samples

were mixed with 100 mL of toluene aqueous solution in a
250 mL flask, and the flask was shaken for 12 h in a
temperature-controlled water bath at 20 °C. The
initial concentration for toluene was 10, 30, 50, 70, and
100 mg/L, respectively. The amount adsorbed was
determined from the initial and final concentration in the
liquid.

2.6 Analytical procedure

Toluene concentration was measured using a gas chroma-
tograph (HP 5890) with a flame ionization detector (FID).
The column of the gas chromatograph was 30 m in length,
0.1 mm I.D., and 0.1 μm film thicknesses narrow bore
column (DB-5). The GC oven was hold at 40 °C for 2 min,
and then heated from 40 to 120 °C at the rate of 10 °C/min,
subsequently hold at 120 °C for 2 min. The carrier gas (N2)
flow rate was 2.3 mL/min. The N2 make-up gas, H2 gas
and oxidizing gas (air) were used by the FID detector at a

flow rate of 20 mL/min, 30 mL/min, 300 mL/min
respectively. The detector temperature was 250 °C. The
retention time of toluene was 3.4 min.

3 Results and discussion

3.1 Characteristics of the lignin-based carbon fiber
adsorbents

The pure lignin solution is difficult to produce fibers by
electrospinning. The PVA was used as an adhesive for
lignin. The mixing of PVA solution with lignin could
enhance viscosity of solution. However, high concentra-
tion PVA solution could cause the lignin aggregation in
mixture solution. The 15 wt-% polyvinyl alcohol (PVA)
aqueous solution was selected as the dispersant for its
outstanding biocompatibility and water solubility.
Lignin has a glass transition temperature which is far

below the temperatures required for carbonization; there-
fore the lignin fibers must be pretreated before further
processing to prevent softening and fusion [11]. The
thermos stabilization of lignin fibers under air could make
the water and acetic acid contained in original fibers
volatilize. And then surface carbon of fiber is oxidized to
higher valence oxygen-containing group, which could
prevent the raw fibers melting and keep the fibroid shape
during the subsequent carbonization step [23]. While for
carbonization, it’s to consolidate the carbonaceous struc-
ture of fibers; in addition, carbonization of the stabilized
lignin nanofibers produces an increase in the carbon
content. The carbonization temperature takes our previous
research as reference [24].
Figure 1 shows the SEM photographs of lignin based

carbon fiber in the absence and presence of Fe3O4. The
results show that the diameter of the lignin carbon fibers is
about 1 μm. After the activation with Fe3O4, there are
scattering of metal compounds particles on the surface of
carbon fiber. Furthermore, the diameter of carbon fiber
decrease to about 700–900 nm in the presence of Fe3O4.
The structures of oxygen containing groups were

analyzed by a Fourier transform infrared spectrometer.
The absorption peaks illustrate the presence of some
surface functional groups. Figure 2 compares FTIR spectra
of the carbon fiber adsorbents before and after activation.
The main intensity peaks presented in Fig. 2 were
summarized in Table S1 [12,24]. The FTIR curves of LF
and LF-Fe look similar, indicating the similar structures
and functional groups on their surface. However, LCF and
LCF-Fe exhibit the different intensities and a slight shift in
wavenumbers, suggesting their small differences in the
surface chemistry. The peak located at 876 cm–1 represents
the guaiacyl functional groups of lignin. The 1100 cm–1 is
ascribed to the C–H vibration of the syringyl group in
lignin. The strong absorption band observed at 1020 cm–1
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is assigned to C–O structures. After activation, the band at
1065 cm–1 mostly disappears. The increase of peaks
intensities at 1470 cm–1 represents the vibration of C–H in
CH3 and CH2, respectively. Characteristic bands observed
at 1500 and 1600 cm–1 represented the C = C aromatic
skeletal vibrations of lignin. The two typical adsorption
peaks located at 1260 and 876 cm–1 are contributed by the
guaiacyl groups of lignin. Therefore, the prepared carbon
fibers are mainly composed of different oxygen-containing
groups, such as hydroxyl, carboxyl, guaiacyl functional-
ities, etc. These functional groups could exhibit effect on

the surface properties of carbon fibers, thus, influence their
adsorption characteristics. In general, much more oxygen
containing function groups will decrease VOC adsorption
for nonpolar compounds and increase water vapor
adsorption. Both are detrimental to the performance of
activated carbon.
Activation of the carbonized fibers produces the pores,

an increase of the carbon content and lower oxygen
content. The pore size distribution of the lignin-based
carbon fiber adsorbents were determined using nitrogen
adsorption isotherms data at 77 K. Table 2 summarizes the

Fig. 1 The SEM images of lignin carbon fiber in the absence (left) and presence of Fe3O4 (right)

Fig. 2 The FTIR spectrum curves of LF, LF-Fe, LCF, and LCF-Fe
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properties of BET surface areas and micropore volumes of
the prepared adsorbents. BET analysis was also used to
measure the micropore surface area. The results illustrate
that the BET surface areas and total pore volume of the
carbon fibers increased dramatically after activation using
Fe3O4. Accordingly, increases in BET surface area were
primarily attributable to increases in micropore volume.
The surface area of the carbon adsorbent was increased
from 117 to 1466 m2/g by using Fe3O4 as an activation
catalyst. The micropore volume increased from 10% to
58% after activation using Fe3O4. The N2 adsorption
isotherms of LCF and LCF-Fe presented in Fig. S1 show
that an obvious increase in the nitrogen uptake and
porosity of adsorbents was presented after activating with
Fe3O4.
The nitrogen sorption isotherm of LCF-Fe and LCF are

shown in Fig. S1. The nitrogen sorption isotherms for
LCF-Fe are Type I according to the IUPAC classification.
A large amount of nitrogen adsorption occurs in a relative
low pressure range, and the adsorption capacity increases
with increasing pressure. However, our LCF sample had
some hysteresis and could be classified as an IUPAC Type
IV isotherm. N2 adsorption in the low-relative-pressure
range (< 0.2 P/P0) is associated with micropores, whereas
adsorption at the high relative pressure range (> 0.8 P/P0)
originates from mesopores. A pore volume-pore surface
area distribution curve is shown in Fig. 3.

Figure 4 depicts micropore and mesopore size distribu-
tion for LCF-Fe and LCF. LCF-Fe micropores are
concentrated in an area ranging approximately from
0.5–0.6 nm; concentrated LCF micropores are span a
range of 1–2 nm with a lower pore volume. Concentrated
LCF-Fe mesopores span an approximated range of
2–5 nm; concentrated LCF mesopores coffer different
areas ranging from 12–16 nm and 2–5 nm. The pore size
distribution results illustrate that for LCF, mesoporous
characteristics are dominant. The average pore diameters
of LCF-Fe are 6.99 nm. However, a lot of micropores were
formed when Fe3O4 was added, and the average pore
diameters decreased from 6.99 to 2.43 nm.
Elemental analysis and pHPZC for the LCF and LCF-Fe

are also summarized in Table 2. The surface hydrophobi-
city of an adsorbent is related to the amount of surface
oxygen-containing functional groups. The amount of
surface oxygen containing functional groups exhibits the
effect of hydrophobicity of the adsorbents. The much
lower oxygen content exhibits the much higher hydro-
phobicity. LCF-Fe has much lower oxygen content than
LCF, suggesting more hydrophobic surface. Table 2 clearly
shows that LCF-Fe has a more hydrophobic surface than
that of LCF. The variations of pHPZC reflect changes in the
ratio between the acidic and basic surface groups. The use
of Fe3O4 as an activation catalyst lowered the pHPZC

slightly; however, the lowered pHPZC was also due to a
decrease in the oxygen-containing functional groups,
which is consistent with element analysis results.

3.2 Single solute adsorption

The adsorption capacities of toluene on LCF-Fe under
room temperature (ca. 20 °C) were measured. Figure 5(a)
shows the adsorption isotherm of toluene on LCF-Fe under
room temperature (ca. 20 °C). The experimental adsorption
isotherm data for toluene on LCF-Fe are represented as
symbols and fitted with the D-R equation in Fig. 5(b). The
experimental data fit the D-R equation well with a
correlation coefficient of R2 = 0.975. The constants were
obtained by plotting the ln(W) versus [ln(P0/P)]

2 in the
D-R equation. The maximum adsorption space, W0 and
microporosity constant, B are estimated 0.51 cm3/g∙m

Table 2 Physicochemical characteristics of LCF and LCF-Fe

Characteristics
Adsorbents

LCF LCF-Fe

Pore structure SBET /(m2∙g–1) 117 1466

Average pore diameter /nm 6.99 2.43

Total volume /(cm3∙g–1) 0.20 0.89

Micropore volume /(cm3∙g–1) 0.02 0.52

Surface chemistry Elementary analysis C/H/N/O (wt-%) 62.31/4.14/0.56/6.87 67.08/1.54/3.65/2.48

pHPZC 6.87 6.03

Fig. 3 The surface area versus pore volume computed from the
N2 isotherm of LCF-Fe
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(which is close to the micropore volume that was estimated
using the nitrogen isotherm, 0.52 cm3/g) and 3.79 � 10–7

mol2/cal2, respectively. For the similar surface area and
initial concentration, the adsorption capacity of 439 mg/g
for LCF-Fe is close to the commercial activated carbon
fiber, which has been determined to be 500 mg/g [25].

3.3 The competitive interaction between water vapor and
toluene vapor

3.3.1 The impact of humidity on adsorption capacity

Water vapor reduces the amount of VOCs that can be

Fig. 4 Pore size distributions of LCF-Fe and LCF. Micropores and mesopores were obtained from Barrett-Joyner-Halenda and HK
analysis of the nitrogen desorption branch, respectively

Fig. 5 (a) Adsorption isotherm for single toluene on LCF-Fe at 298 K and (b) experimental data for the adsorption of toluene on LCF-Fe
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adsorbed on carbon fibers by filling the micropores with
water. The water-filled micropores do not adsorb VOC (or
adsorb very little VOC). In order to determine the amount
that can be adsorbed, it is necessary to determine the
amount of surface area that is covered by water, and water
vapor isotherms are conducted to determine this. Previous
studies [26] have found that adsorption of water vapor
increases with increasing oxygen content of the carbon
surface [27]. Water vapor adsorption isotherms for relative
humidities between 0% and 90% were tested and are
shown in Fig. S2. Significant water vapor adsorption did
not occur until 70% RH for LCF and LCF-Fe. LCF-Fe
exhibited a sharper increase in adsorption capacity in
comparison to LCF for RH between 70% and 90%. This
increase suggests that LCF-Fe exhibits much higher
adsorption capacity for water vapor than LCF at the 70%
to 90% RH range, which may be attributed to hydrophilic
surface functional groups and the presence of more
micropore volume. These results indicate that water
vapor adsorption will have a significant impact on VOC
adsorption at RH values greater than 70%.

3.3.2 Impact of RH on the adsorption of VOCs

The adsorption of VOCs in the presence of water vapor is
quite different from that under dry conditions [28].
Adsorption isotherms of toluene on LCF-Fe were
measured at an RH of 20%, 50%, and 80%. Figure 6
shows the experiment isotherms data (data points) for the
LCF-Fe at different RHs along with the corresponding
Okazaki model predictions (solid lines) for 20%, 50%,
60%, 70% and 80%. Based on these results, high RH
reduces the adsorption capacity of toluene, and it follows
the trend of increasing adsorption capacity of water vapor
(which covers more adsorption surface area. A slight slope
change of the isotherm curves was found when the RH
increased from 0% to 50%, suggesting less inhibition
effect and a lower water capacity on the LCF-Fe. However,
when the RH is higher than 50%, RH exhibited a sharper
increase in adsorption capacity, indicating that water vapor
can have a significant impact on toluene adsorption. When
the RH gets to 80%, water vapor adsorption is close to
saturated values, which can have a serious effect on the
adsorption equilibrium.

3.3.3 The model for predicting the adsorption of toluene
and water vapor

Okazaki proposed that organic vapors are adsorbed onto
the carbon adsorbents by these three mechanisms: (1)
adsorption on dry surface, (2) adsorption on wet surface,
and (3) dissolution in condensed water [29]. The total
capacity of the carbon adsorbents for the toluene is the sum
of the three components. Detailed descriptions about the
model are shown in the supporting information.

3.4 The comparison of experimental results and prediction
values

To predict the adsorption equilibria, the adsorption
isotherm of solvent (Fig. 5), the adsorption and desorption
isotherm of water (Fig. S2) and the aqueous phase isotherm
(Fig. S3) are used. The results presented by the Okazaki
model are listed in Table S2. The toluene dissolved in
condensed water (qo2) was small, which is negligible. The
contribution for aqueous phase adsorption (qo3) is less if
the RH values are lower than 50%, but when RH values
exceed 50%, the contribution for aqueous phase adsorption
will take a higher proportion for the total adsorption
capacity. The water vapor initiates the competitive
interaction with single organic vapor; however, the
adsorption kinetics will not allow much to be adsorbed
in the water filled pores in a gas phase application.
The comparisons of the predicted and experimental

results are shown in Fig. 6 and Table S2. Table S2 gives the
average relative deviation (ARD) between predicted and
observed data. As for the RH of 20% and RH of 50%, the
ARD are 5.04% and 7.41%, respectively. However, the
ARD value approaches 12.99% when the RH value
approaches 80%. In conclusion, the results demonstrate
that the model exhibits the satisfactory predictions of the
data.

3.5 CPHSDM prediction

The rate of adsorption is usually limited by mass transfer
and influenced by the adsorbate and adsorbent. The
developments of mathematical models, which describe
adsorption kinetics, are derived from mass transfer rate
expressions. The constant pattern homogeneous surface
diffusion model (CPHSDM) provide mechanistic insight
and predict breakthrough curves instead of using long
duration pilot tests.
LCF-Fe is fiber and its external mass transfer is limited.

Intraparticle diffusion is very fast. It would be good to run
the model for external mass transfer control. It is necessary
to calculate gas phase diffusivity (Dg) to get the St and kf.
The Wilke-Lee modification of Hirschfelder, Bird-Spotz
correlation can be used to calculate the diffusivity of an
organic compound in the gas-phase. The detailed calcula-
tion procedures are listed in the supporting information.
The breakthrough curves for toluene in the air of LCL-

Fe and Calgon BPL was calculated using the pore surface
diffusion model with AdDesignSTM Version 1.0.45
(Michigan Technological University). The toluene predic-
tion breakthrough curves were conducted with a series of
parameters, which are shown in Table S3. The diameter of
Calgon BPL and LCF-Fe used in this study was 3.7 and
5.0 cm, respectively. The adsorber properties are as
follows: Bed length: 1.2 m; bed diameter: 3 m; activated
carbon mass: 3800 kg; EBCT: 6.52 s; C0 = 0.45 mg/L;
Flow rate: 1.3 m3/s; μair = 1.8 � 10–5 (Ns)/m2; Dair = 8.4 �
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10–6 m2/s; ρair = 1.17 kg/m3. Gnielinski correlation was
used for the estimates of the external mass transport
coefficient, which are shown in the supporting formation.
Figure 7 presents the toluene breakthrough curves of

LCF-Fe and Calgon BPL that were predicted by
CPHSDM. In LCL-Fe group, the outlet toluene concentra-
tion began to rise after 28 d, while the breakthrough was
completed within 18 d in the Calgon BPL group.
Therefore, the LCL-Fe exhibited the better performance
for removing toluene from air than Calgon BPL in the
breakthrough prediction. As shown in Table 3, the
adsorption capacity of LCL-Fe for toluene was 412
mg/g, which is twice that of Calgon BPL. Therefore, the
lignin based carbon fiber is projected as an alternative

procedure that can be used to remove VOCs, which is
cheaper when using renewable biomass.

4 Conclusions

Two types of lignin based carbon fibers (LCF-Fe and LCF)
were prepared using electrospinning. The surface area of
the LCF increased from 117 to 1466 m2/g when Fe3O4 was
added. Adsorption isotherms were measured for toluene
under dry and humid conditions on LCF-Fe adsorbents.
For a similar surface area, the adsorption capacity of
439 mg/g for LCF-Fe is close to the commercial activated
carbon fiber of 500 mg/g under dry conditions. The D-R
equation fits of toluene adsorption isotherm data reason-
ably well. Water vapor adsorption was not significant for
the LCF and LCF-Fe activated carbons until relative
humidities rose above 70%. Based on the adsorption
isotherm of toluene-water vapor under different humid-
ities, if the humidity was lower than 50%, RH exhibited
little effect on adsorption capacity. When the RH was 80%,
water nearly filled all the pores and significantly reduced

Fig. 6 Experimental data for adsorption of toluene in the presence of water vapor compared to thermodynamic model predictions

Fig. 7 CPHSDM predictions for toluene breakthrough curves of
LCF-Fe and Calgon BPL

Table 3 The adsorptive capacities of LCF-Fe and commercial GACs

during the column tests

Adsorbents
Timea)

/h
Bed

volumea)
Toluene

removed /kg
Adsorption capacity

/(mg∙g–1)

LCL-Fe 946 522023 1566 412

Calgon BPL 74.6 41147 867 228

a) The exhaustion point of C/C0 = 1
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the adsorption capacity. The Okazaki model exhibits
satisfactory predictions of the toluene adsorption capacity
at different humidities. The CPHSDM was further used to
predict breakthrough profiles.
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