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ABSTRACT

This study systematically investigated the adsorption properties of 2,4-dinitrophenol (DNP)
on granular activated carbon (GAC), and the performance of ultraviolet (UV) light irradiation
and solvent extraction in the regeneration of spent adsorbent. It also evaluated the influence
of such regeneration on the change of GAC surface properties. The adsorption followed a
pseudo-second-order kinetic model and was controlled by the intra-particle diffusion rate
process. With an adsorption capacity of 1,476 μM (272 mg/g), the adsorption of DNP onto
GAC fit the Dubinin–Astakhov mode better than it did the Freundlich and Langmuir isother-
mal models. These results indicate that the adsorption occurred not only on the surface, but
also in the micropores and mesopores. The regeneration efficiency of spent GAC was less
than 10% using either UVC or vacuum UV irradiation, which was probably because the irra-
diated light could not directly enter the pores to induce the degradation of the adsorbed
DNP. The levels of regeneration efficiency by ethanol extraction and acetic acid extraction
were 60 and 100%, respectively, in the first cycle. The surface area was slightly decreased,
while the porosity and surface composition were maintained after solvent extraction.
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1. Introduction

Nitrophenols are widely used in the manufacture
of dyes and wood preservatives, but they are also a
group of common environmental contaminants that
have been classified as high-priority pollutants by
many governments. Nitrophenols can enter aquatic
environments during their manufacture, transport,
and use. Many remediation methods, such as adsorp-
tion [1], biodegradation [2], and advanced oxidation

processes (AOPs) [3–9], have been applied to remove
nitrophenols from aqueous solutions. Compared with
the other methods, adsorption is highly efficient and
easy to apply, particularly in the rapid removal of
large amounts of nitrophenols. Activated carbon (AC)
is the most widely used adsorbent, exhibiting a high
capacity to adsorb many kinds of nitrophenol.

The adsorption capacity of AC decreases with the
continuous accumulation of pollutants. Discarding,
burning, or burying in a landfill is neither an environ-
mentally friendly nor an economical way to dispose of
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the exhausted adsorbents. Many reactivation methods
including thermal regeneration, microbiological regen-
eration, solvent regeneration, wet oxidation, and
microwave or light irradiation have been developed to
eliminate adsorbed contaminants and reuse the spent
AC [10,11]. Thermal regeneration has been widely
used to reactivate the spent AC [10]. Foo and Hameed
found that microwave irradiation could regenerate
methylene blue-loaded AC, but the regeneration effi-
ciency decreased with an increaseing number of
regeneration cycles [12]. Ledesma et al. found that the
regeneration of AC by heat became less and less effec-
tive with an increasing number of cycles [13]. In con-
trast, solvent extraction is easy to apply and can
recover valuable adsorbates. Its regeneration efficiency
is dependent on the solvent type and the number of
regeneration cycles. Guo et al. found that the regener-
ation efficiency of spent AC decreased with more
regeneration cycles when methylene dichloride and
ethyl ether were used as the extraction solvents, while
the regeneration efficiency was increased by using
n-pentane [14]. However, post-treatment of the used
solvent is still necessary and some of the pores
became clogged [14]. Oxidation, such as ozone oxida-
tion, UV/H2O2, persulfate oxidation, photo-Fenton,
and electrochemical oxidation processes, was also
shown to have promise regarding the efficiency of
regenerating exhausted AC [15–20]. The regeneration
efficiency of AC reached 30–47% and 56%, respec-
tively, by Fenton and photo-Fenton treatments, respec-
tively, after two cycles [19]. The regeneration
efficiency for laboratory batch-loaded granular AC by
electrochemical oxidation was 83 ± 5%, which is much
higher than that for field-loaded granular AC [20].

Compared with the numerous investigations of the
performance of AC in the removal of nitrophenols
and the efficiency of the regeneration process in recov-
ering the adsorption capacity of the spent AC, little
work has focused on the effect of the regeneration
process on the structural properties of AC. Ozone
treatment increased the number of acid groups, espe-
cially carboxylic groups, on the AC surface and there-
after decreased the pH of the point of zero charge
(pHpzc). Ozone or photo-Fenton treatment could also
decrease the surface area of AC [19,21]. Compared
with fresh granular AC, thermally regenerated AC
exhibited a smaller micropore volume and a larger
mesopore volume, while electrochemically regenerated
AC had the same porosity [20].

The first objective in this work was to reveal
the adsorption properties, including kinetics and
adsorption isotherm of 2,4-dinitrophenol (DNP) on
commercial granular activated carbon (GAC), as well

as to investigate the effect of operational parameters
on the removal efficiency was also investigated. The
second purpose was to investigate the effects of the
regeneration process on the surface properties and
porosity of GAC and the performance of vacuum UV
irradiation, UVC irradiation, and solvent extraction in
the regeneration of used GAC.

2. Materials and methods

2.1. Matericals

DNP (98%) was obtained from Aladdin Reagents
Corporation (Shanghai, China) and used as received.
GAC was purchased from Shanghai Reagent Co., Ltd
(Shanghai, China) and the 10–20 mesh fractions were
used as an adsorbent. Methanol, ethanol, and acetic
acid (all analytical grade, Aladdin Reagents Corpora-
tion) were used as extraction solvents. Hydrochloric
acid and sodium hydroxide (guaranteed reagent;
Shanghai Reagent Co., Ltd) aqueous solutions were
used to adjust the reaction solution to a set pH. Deion-
ized water (resistivity > 18.0 MΩ cm) was used during
sample preparation.

2.2. Adsorption methods

2.2.1. Adsorption kinetics

A total of 200 mL of DNP solution (initial concen-
tration c0 = 700 μM) was placed in a 250-mL conical
flask, to which 0.06 g of GAC was added. The resulting
dispersion was vibrated using a thermostatic shaker at
25˚C. During the whole adsorption process, 3-mL ali-
quots were collected for each time interval, centrifuged
and analyzed to determine the concentration ct. The
concentrations of DNP were monitored by high-perfor-
mance liquid chromatography (HPLC). The experi-
ments were performed by using a Waters 484 HPLC
system with a Cosmosil 5C18-MS-II column (5 μm,
4.6 × 150 mm). The mobile phase was a mixture of
methanol and 5% acetic acid aqueous solution (70/30,
v/v) with a flow rate of 1.0 ml/min. The UV detection
wavelength was set at 356 nm.

The ratio (R, %) for the adsorption of DNP onto
GAC was calculated from Eq. (1) as follows:

R ¼ ct
c0

� 100% (1)

Pseudo-first-order, pseudo-second-order and intra-
particle diffusion models were employed to simulate
the adsorption kinetics [22,23]. Detailed descriptions
of the kinetic models are shown in Table 1.
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2.2.2. Adsorption isotherm

Batch adsorption studies were performed in the
dark using aqueous suspensions containing DNP at
different initial concentrations (with c0 from 150 to
800 μM) and 0.3 g/L GAC. Specifically, 100-ml suspen-
sions in 150-ml glass vessels were continuously
vibrated in a thermostatic shaker at 25˚C for 24 h.
After reaching equilibrium, 3-ml aliquots of these sus-
pensions were withdrawn to determine the equilib-
rium concentration ce. Langmuir, Freundlich and
Dubinin–Astakhov (D–A) isotherm models were used
to simulate the adsorption of DNP onto GAC. Adsorp-
tion parameters were determined from a nonlinear
regression fit of the adsorption equations as listed in
Table 2.

2.3. Spent GAC regeneration

2.3.1. Spent GAC preparation

GAC was added at 0.3 g/L to a solution containing
1,000 μmol/L DNP. The dispersion was then stirred at
25˚C for 24 h and the adsorbent was recovered by cen-
trifugation. The precipitate was washed with deion-
ized water three times and then dried in a vacuum at
50˚C for 5 h.

2.3.2. UV irradiation regeneration

A Philips TUV PLS 9-W lamp and a Cnlight
ZW10D15Y(W)Z212 10-W lamp were used as UVC
irradiation and vacuum UV irradiation sources,
respectively. Spent GAC was irradiated by direct
exposure to UV irradiation and shaken every 5 min to
achieve a homogeneous irradiation. Samples were col-
lected at different irradiation times and reused to
assess the regeneration efficiency.

2.3.3. Solvent extraction regeneration

Spent GAC was added to organic solvents
(methanol, ethanol and acetic acid, m/V = 3.5 g/L)
and shaken for 3 h and then regenerated GAC was
recovered by centrifugation, washed with deionized
water, and vacuum dried at 50˚C.

The regeneration efficiency (RE, 100%) was
calculated using Eq. (2):

RE ¼ qre
q0

� 100% (2)

where qre and q0 are the DNP adsorbed onto reused
GAC and virgin GAC, respectively.

Table 1
Summary of kinetic models applied to DNP adsorption onto GAC

Kinetic model Formula form Annotation

Pseudo-first-order logðqe � qtÞ ¼ log qe � k1 � t
2:303 qe and qt were the adsorbed (μmol/g) at equilibrium time

and at time t, respectively. k1 (min−1) is the rate constant of
pseudo-first-order adsorption reaction

Pseudo-second-order t
qt
¼ 1

k2q2e
þ t

qe
k2 is the rate constant for the pseudo-second-order
reaction (g/(μmol min))

Intra-particle-diffusion qt ¼ kp
ffiffi

t
p þ a kp is the intra-particle diffusion constant (μmol/(g min1/2)).

“a” is the intercept

Table 2
Summary of adsorption isotherm models applied to DNP adsorption onto GAC

Isotherm models Formula Annotation

Langmuir isotherm qe ¼ qmax KL ceq
1þKL ceq

KL (L/mol) is the Langmuir equilibrium constant, qmax is the maximum
adsorption capacity of DNP onto GAC

Freundlich isotherm qe ¼ KF c
1=n
eq KF and 1/n represent the Freundlich adsorption constant and the unit less

linearity parameter, respectively
D–A isotherm qe ¼ Q0 exp½�ð eEÞb� ε (kJ/mol) is the adsorption potential which was calculated by e ¼ RT lnðcs=ceÞ.

Vs (cm
3/mol) is the molar volume of DNP,

Q0 is the adsorption capacity. E is correlating divisor while “b” is a simulating
constant
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GAC mass loss (mLoss, 100%) after regeneration
was calculated using Eq. (3):

mLoss ¼ mre

m0
� 100% (3)

where mre and m0 are the weights of regenerated GAC
and the original added spent GAC, respectively.

2.4. Characterization of GAC before and after regeneration

The Brunauer–Emmett–Teller (BET) surface area
and porosity were determined using a Micromeritics
ASAP 2020 setup. X-ray photoelectron spectroscopy
(XPS) measurements were performed using an XSAM
800 XPS system (Kratos, Manchester, UK) with a
monochromatic Al Kα source.

3. Results and discussion

3.1. Adsorption equilibrium and kinetics

Equilibrium adsorption study was first investigated
and the results are illustrated in Fig. 1. The bulk con-
centration of DNP decreased sharply in the first
300 min and gradually decreased in the next 400 min
(Fig. 1(a)). The adsorption reached equilibrium within

1,440 min (24 h). To reveal the adsorption kinetics, we
simulated experimental data with several kinetic
models including pseudo-first-order (Fig. 1(b)),
pseudo-second-order (Fig. 1(c)) and intra-particle diffu-
sion models (Fig. 1(d)). Compared with the simulation
with the pseudo-first-order model, that with the
pseudo-second-order model fit the data better, with a
high adj. R2 of 0.9956. The results were consistent with
the most published reports, which indicate that adsorp-
tion of nitrophenol onto AC or other adsorbents
frequently followed a pseudo-second-order process
[1,24–27]. The rate constant for the pseudo-second-
order reaction k2 depended on the initial concentration
of DNP. k2 values were 5.2 × 10−5, 3.1 × 10−5, and
1.7 × 10−5 g/(mg min) for the initial concentrations of
200, 350, and 700 μM, respectively. The obtained rate
constants were smaller than the corresponding
reported values, probably because of the smaller adsor-
bent dosage used in this work.

The intra-particle diffusion model proposed by
Weber and Morris was applied to study the adsorp-
tion process [28]. According to the theory of this
model, two or three adsorption steps take place
during the adsorption of organic compounds to a
mesoporous adsorbent. As shown in Fig. 1(d), three
linearity curves were presented for qt vs. t. The first
stage was the external surface adsorption of DNP to

Fig. 1. Dependence of DNP bulk concentration (ct) on contact time, (a) the data fitted to the pseudo-first-order kinetic
model, (b) the pseudo-second-order kinetic model, and (c) the intra-particle diffusion model (d).
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GAC. The sharp linear line with a negative intercept
indicates that the adsorption rate limiting process is
only intra-particle diffusion. The second portion pre-
sents the gradual adsorption stage and the third line
is the final equilibrium stage. Thus, the adsorption of
DNP to GAC was controlled by the intra-particle dif-
fusion rate.

3.2. Adsorption isotherm

The adsorption isotherm experiments were carried
out at 25 and 35˚C, and then the experimental data
were used to fit Freundlich, Langmuir and D–A
adsorption models. The isotherms of DNP on GAC
predicted from all three models are fitted in Figs. 2
and 3. The fitting results for the adsorption of DNP on
GAC are listed in Table 3.

The Freundlich isotherm is widely used to describe
the adsorption of organic compounds or highly inter-
active species on AC [29]. As listed in Table 3, the iso-
therm data fit the Freundlich model well (adj.
R2 = 0.97). The value of 1/n is 0.25, which indicates
that the adsorption of DNP onto GAC is a favorable
process. On the other hand, the simulation of experi-
mental data to the Langmuir isotherm model gave a
relatively poor fit (adj. R2 = 0.90). The Langmuir iso-
therm is an empirical model that assumes monolayer
adsorption, namely, that each adsorbate exhibits con-
stant enthalpies and sorption activation energy [30].
However, the surface and the pores of AC are nor-
mally heterogeneous. Therefore, the adsorption of
DNP onto GAC was theoretically not suitable for the
Langmuir adsorption isotherm.

The D–A model was proposed based on the Pola-
nyi potential theory and is applicable for both pore-

filling and flat surfaces [31]. The D–A model yields
the highest adj. R2, which indicates that the D–A iso-
therm was the most suitable model for describing the
adsorption equilibrium of DNP on GAC. The constant
b corresponds to the heterogeneity of the micropores.
The value of b was 1.35, which is in the region of nor-
mally used AC. Characteristic curves for the adsorp-
tion of DNP onto GAC were independent of the
temperature, further illustrating that the adsorption fit
the D–A model well (Fig. 3). The reported adsorption
capacity for DNP onto various ACs ranges from 232
to 417 mg/g [24,27,32]. The calculated adsorption
capacity for DNP onto GAC was 1,476 μmol/g
(272 mg/g) in the present study. These results indicate
that the GAC used here can be highly adsorbed by
DNP. In contrast with previous studies [24,27,32], the
adsorption capacity was independent of the BET sur-
face area of adsorbents.

3.3. Effects of pH and GAC dosage on the adsorption
efficiency

It has been suggested that the adsorption of nitro-
phenol onto AC or other nanospheres occurs mainly
through π–π interactions [33,34]. Aquatic pH could

Fig. 2. Dependence of the adsorbed DNP per gram GAC
(qe) on the equilibrium concentration (ce). The solid lines
correspond to the fitting of the data to Langmuir and Fre-
undlich isotherm models.

Fig. 3. Characteristic curves for the adsorption of DNP
onto GAC, the solid lines correspond to the fitting of the
data to the D–A model.

Table 3
Results of the fitting experimental data to adsorption
isotherms

Isotherm
Freundlich Langmuir D–A

Parameters KF 1/n KL qmax Q0 E b

Values 339 0.25 0.0489 1,406 1,476 10.1 1.35
Adj. R2 0.972 0.904 0.980
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change the distribution of adsorbate and the surface
charge of adsorbent, which could subsequently influ-
ence the adsorption efficiency. As shown in Figs. 4
and 5, aquatic pH had a major influence on the
adsorption of DNP on GAC and the distribution of
DNP in aqueous solution. The adsorbed DNP equilib-
rium decreased sharply from pH 3.0 to 5.0 and moder-
ately to pH 10.0. The pHpzc for the used GAC was
approximately 6.1. Therefore, the surface of GAC was
positively charged in the solution of pH < 6.0 and neg-
atively charged in the solution of pH > 6.0. DNP phe-
nolate anions became the predominant form with
increasing pH of the solution. Then, electronic repul-
sive forces generated between DNP phenolate anions
and the surface charge contributed to a low adsorp-
tion rate in basic solutions.

The effects of loaded GAC on the adsorption of
DNP to GAC are shown in Fig. 5. The adsorption rate
of DNP increased rapidly with an increase in loaded
GAC from 0 to 0.5 g/L. The adsorption rates increased
to approximately 100% with a further increase in GAC
up to 0.8 g/L. The increase in adsorption rate with the
increase of loaded GAC was likely to have been
caused by additional adsorption sites being available
for DNP.

3.4. Regeneration of spent GAC

In this work, we applied UV light irradiation and
solvent extraction to recover the adsorption capacity
of spent GAC. UV light irradiation has been success-
fully applied to remove organic pollutants from aque-
ous solutions. However, few studies have applied UV
irradiation to the regeneration of GAC. After exposure
to UVC and vacuum UV for 3 h, the rates of recovery

of adsorption capacity were only 2 and 7%, respec-
tively. Most of the adsorbed DNP was located in
the microspores and most of the light emitted from
the irradiation source was probably scattered by the
heterogeneous surface. Therefore, the adsorbed DNP
would not decompose efficiently under irradiation. On
the other hand, the intermediates generated from the
irradiation of DNP may also occupy the adsorption
sites, which resulted in poor regeneration efficiency.
The regeneration efficiency of vacuum irradiation was
higher than that for UVC irradiation, which may be
attributed to the generated ozone and the subse-
quently formed reactive oxygen species.

Since the regeneration efficiency of UV light irradi-
ation was poor, we carried out further regeneration of
spent GAC by solvent extraction. Methanol and etha-
nol have the same regeneration efficiencies (data not
shown), while the regeneration efficiency by acetic
acid was the highest. The regeneration efficiencies for
the first and third cycles were 66 and 61% for ethanol
extraction and 100 and 83% for acetic acid extraction,
respectively (Fig. 6).

Different regeneration methods including thermal
desorption/decomposition, solvent extraction, and wet
oxidation have been applied to recover the adsorption
ability of nitrophenol loaded AC [15,27,35]. It has been
shown that adsorption capacities of 80 and 87% of
p-nitrophenol saturated AC could be recovered by
wet oxidation and air-gasification under optimal
experimental conditions, respectively [15,35]. On the
other hand, the recovery of AC capacity by thermal
regeneration resulted in progressive decay accompa-
nied by marked pore widening [13]. Successful regen-
eration (>95%) of DNP loaded AC can be achieved by
using 0.01 M NaOH aqueous solution [27]. The results

Fig. 4. Dependence of DNP equilibrium concentration (ce)
over GAC and the form of DNP present at the solution
pH. The initial concentration of DNP was 500 μM.

Fig. 5. Effects of loaded GAC on the adsorption rate (R, %)
of DNP on GAC, pH 6.0, the initial concentration of DNP
was 500 μM.
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indicate that the DNP occupied GAC can be recovered
using either an acid or a base. However, the mass
losses during each cycle were approximately 16 and
15% for ethanol extraction and acetic acid extraction,
respectively. These losses were mainly generated by
the centrifugation process.

3.5. Influence of regeneration on the surface properties of
GAC

We investigated the BET surface area, pore distri-
bution, and surface composition of GAC before and
after solvent extraction via N2 adsorption–desorption
and XPS analyses (Table 4). It has been reported that
the surface area of AC decreased to some extent after
regeneration by ozone oxidation [21], persulfate oxida-
tion [18], Fenton oxidation [19], or thermal desorption
[13]. In the present study, the BET specific area was
slightly decreased after solvent extraction compared
with the value of virgin GAC. Differential pore vol-
ume distributions of virgin and regenerated GAC
expressed with respect to the Horváth–Kawazoe (HK)
model are presented in Fig. 7. The regenerated GAC
showed the same pore size distribution pattern as the
virgin GAC. As listed in Table 3, a 7% decrease of
micropore volume of GAC occurred after regeneration
by acetic acid extraction, while the same value was

maintained after ethanol extraction. The volume of
mesopores remained constant after solvent extraction.
These results suggested that GAC maintained its
porosity to a great extent during the solvent extraction
process.

The XPS spectra of fresh and regenerated GAC are
shown in Fig. 8. The C1s region of AC was decom-
posed into five contributions: graphitic carbon (C–C),
carbon in phenolic groups, alcohol or ether (C–OH,
C–O–C), carbon in carbonyl groups (C=O), carbon in
carbonyl or ester groups (COOH), and π–π* transitions
in aromatic groups. The high resolution results are
summarized in Table 5. None of the other three com-
positions in GAC showed obvious changes (<1%) after
regeneration by acetic acid extraction except carbon in
phenolic, alcohol, or ether groups (C–OH, C–O–C)
and carbon in carbonyl or ester groups (COOR). The
decrease of C–OR and increase of COOR might have
resulted from the residual acetic acid. The composition
of C1s for ethanol regenerated GAC was analogous to
that of acetic acid regenerated GAC. The results
obtained in this study further confirmed that the sol-
vent extraction process would not seriously change
the surface structure of GAC. The intensity of the
influence of solvent extraction on the surface proper-
ties of GAC was much smaller than that of chemical
oxidation treatment [21]. Boehm titration analysis also
showed that the total rate of acidic groups only
slightly increased by approximately 4 and 11%, after

Fig. 6. Evolution of regeneration efficiency (%) and mass
loss of spent GAC with an increased number of regenera-
tion cycles.

Table 4
BET surface area and porosity of GAC before and after regeneration

Adsorbents SBET (m2/g) Micropore volume (cm3/g) Mesopore volume (cm3/g)

Virgin GAC 1,049 0.41 19.2
Ethanol regenerated 1,042 0.41 19.9
Acetic acid regenerated 965 0.38 19.2

Fig. 7. The micropore-size distributions obtained using the
HK method.
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regeneration by ethanol extraction and acetic acid
extraction, respectively. The rate of basic groups
decreased approximately 3 and 4% after ethanol
extraction and acetic acid extraction, respectively.
Overall, the surface properties changed only slightly
after solvent extraction.

4. Conclusions

The present investigation focused on the adsorp-
tion properties of DNP onto GAC, comparing the per-
formance of different regeneration methods in the
recovery of adsorption capacity and their influence on
the surface properties of spent GAC. The main conclu-
sions are as follows: (1) The intra-particle diffusion
rate controlled the adsorption process following a
pseudo-second-order kinetic model. (2) The adsorption
fit the D–A model better than it did the Freundlich or
Langmuir isotherm. (3) UV (UVC or vacuum UV)
light irradiation was not suitable for the regeneration
of spent GAC because UV light could not efficiently
enter the pores where adsorption occurred. An
improvement of UV light irradiation might be
achieved by combination with microirradiation or
thermal desorption. (4) The adsorption capacity of
GAC was mostly recovered by solvent extraction,

especially using acetic acid. (5) The BET surface area,
porosity, and surface functional compositions of GAC
were mostly maintained after three adsorption–
extraction cycles.
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