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ABSTRACT

Activated carbon (AC) prepared from luffa sponge was firstly used as an adsorbent to
remove Cr(VI) from aqueous solution. The Cr(VI) adsorption behaviors of AC under differ-
ent conditions, including initial Cr(VI) concentration, quantity of AC, solution pH, and tem-
perature were investigated. The optimal conditions for adsorption of Cr(VI) by AC were
pH =1, initial Cr(VI) concentration =80 mg/L, T =303 K, and AC content = 1.6 g/L. The
adsorption kinetics could be described by the pseudo-second-order model. Fourier trans-
form infrared spectroscopy was used to investigate the sorption mechanism. Some func-
tional groups such as C-O and O-H were formed on the carbon surface, which could then
react with Cr(VI). The surface structure of AC before and after adsorption was analyzed by
scanning electronic microscopy. Adsorbed ions choked some of the pores in AC after
adsorption. The Brunauer-Emmett-Teller surface area and average pore size of the AC were
834.13 m?/g and 5.17 nm, respectively. The maximum adsorption of Cr(VI) by AC was
149.06 mg/g, which makes AC prepared from luffa sponge promising for removing Cr(VI)
from wastewater.
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1. Introduction

As a result of the rapid development of industry
and technology, chromium has become widely distrib-
uted in the environment in its two common oxidation
states of Cr(IlI) and Cr(VI). Cr(Ill) is an essential trace
element, while Cr(VI) compounds are considered

*Corresponding author.

highly toxic because of their carcinogenic, teratogenic,
and mutagenic effects on humans and other living
organisms [1]. Cr(VI) is widely present in the effluents
of electroplating, metal finishing, leather tanning, and
pigment industries. As a result, such effluents may
pose a severe threat to public health and the environ-
ment if discharged without adequate treatment [2].
A variety of techniques, such as electrochemical
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treatment, coagulation/precipitation, membrane filtra-
tion, ion exchange, adsorption, and biological pro-
cesses have been developed to remove Cr(VI)
contaminants from wastewaters [3-7]. However, many
of these processes are not widely practiced because of
disadvantages, including incomplete metal removal,
high cost, and generation of toxic sludge or other
waste products that require disposal [8].

Activated carbon (AC) is widely used in an indus-
trial scale as an adsorbent in purification and separa-
tion processes, as a catalyst or catalyst support in
catalysis, and as an electrode material in electrochemi-
cal devices and processes because of its high specific
surface area and relatively high mechanical strength
[9]. Therefore, the demand for AC is continuously
increasing [10].

However, commercially available AC is usually
expensive because of its high-cost sources, and this
restricts its extensive application [11]. Therefore, it is
necessary to find a cheaper, more efficient substitute
to produce AC. Researchers have prepared AC from
sources, including bamboo, bagasse, walnut shells, nut
shells, pine cones, peanut shells, cotton stalks, and
tobacco residue [12-19] in attempts to produce low-
cost, high-performance AC. There are also several raw
materials, which were used to prepare adsorption
carbon, that was used to adsorb Cr(VI) from the
wastewater such as Trapa natans husk, peanut shells,
and so on.

Luffa sponge is a commercially viable and biologi-
cal material derived from fruit of the Luffa cylindrica
plant that has recycling capability and biodegradabil-
ity [20]. The dried fibrous part of the L. cylindrica is
commonly used as a washing sponge and filter
because of its fibrous vascular system.

In this work, AC prepared from luffa sponge was
firstly used as an adsorbent to remove Cr(VI) from
aqueous solution. Using phosphoric acid (H3PO,) as a
flame-retardant and activating agent in the prepara-
tion of ACs has been well established [21,22], therefore
this method was chosen to prepare AC from luffa
sponge. To investigate the adsorption mechanism of
the AC, its superficial area, surface structure, pore-size
distribution, and Fourier transform infrared (FTIR)
spectrum were analyzed. Various parameters affecting
adsorption Cr(VI) onto the prepared AC, such as ini-
tial concentration, the quantity of AC, solution pH,
and temperature were studied. This work aimed to
evaluate the potential of developing an effective low-
cost adsorbent from luffa sponge by H3PO, activation
and investigate its ability to treat wastewater contain-
ing toxic Cr(VI).
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2. Materials and methods
2.1. Materials and chemicals

Luffa sponge was obtained from a local market in
Jinan. After washing and drying, the sponge was
crushed by a high speed grinder (HCP-100, Jinsui
company, Zhejiang), and then activated by treatment
in H3PO,4 (1 +1) for 12 h, the solid to liquid radio was
1:4-6 (gzmL). The sample was carbonized for 450°C for
1h, and then eluted with deionized water until the
pH was nearly 7 before being dried in an oven for
12 h at 120°C. A mortar was used to grind the AC to a
particle size of 150-200 mesh. All chemicals used were
of analytical grade. About 2.829 g of oven-dried
KyCr,0; was dissolved in distilled water to bring the
volume of the solution to 1,000 mL. This will produce
a stock solution of 1,000 mg/L of Cr(VI), other concen-
trations were obtained by diluting the stock solution
with distilled water.

2.2. Characterization of AC

The structural characteristics of the AC samples
were investigated. Brunauer—-Emmett-Teller (BET) spe-
cific surface areas were calculated based on N,
adsorption/desorption isotherms measured at 77 K
using a surface area analyzer (Quantachrome, USA).
Pore-size distribution and porosity were determined
by a porosity analyzer (Quadrasorb SI, Quanta-
chrome). Scanning electron microscopy (SUPRA™ 55,
Zeiss Company, Germany) was used to observe the
surface of the AC samples. FTIR spectra of AC before
and after adsorption experiments were recorded in the
range of 4,000-400 cm™' using an FTIR spectrometer
(Thermo Scientific, USA).

2.3. Adsorption experiments

Batch Cr(VI) adsorption studies were performed
by mixing a predetermined amount of AC with 50 mL
of Cr(VI) solution at different concentration in 250 mL
conical flasks. The flasks were shaken at 180 rpm in
an oven-controlled crystal oscillator (HZQ-2, Jintan,
Beijing), and the temperature was controlled at 25+
2°C for 3 h to achieve equilibrium. After 10 min stand-
ing, the supernate was removed, and then the residual
Cr(VI) concentration was calculated according to a
standard method, using a UV-vis spectrophotometer
(T6-Xinshiji, Beijing) at a wavelength of 540 nm [1]. To
study the effect of pH on the adsorption behavior of
the AC, the initial solution pH was adjusted to 1-12
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with phosphoric acid or NaOH solution. The pH
values were measured by a pH meter (PHS-3D,
China). Adsorption isotherm experiments were per-
formed at 20, 30, and 40°C. The adsorption quantity
Q. (mg/g), and removal efficiency of Cr(VI) at equilib-
rium can be calculated as follows:

Qe = (CO - CE)V/W M
% removal = 100(Cy — C,)/Co )

where Q. is the equilibrium Cr(VI) concentration
(mg/L), Cy is the initial Cr(VI) concentration (mg/L),
V is the solution volume (L), and W is the mass of
adsorbent (g).

2.4. Orthogonal experiment

Orthogonal experimental design is a method that
has been used to study various factors and levels
affecting experimental outcomes. Using a normal
design of four factors and three levels, adsorption
experiments were performed under different con-
trolled conditions to determine optimal experiment
conditions. The four factors were initial concentration,
quantity of AC, solution pH, and temperature. The
three levels were ascertained through initial experi-
ments and a single-factor experiment.

2.5. Adsorption kinetics

The adsorption kinetics of the AC for Cr(VI) were
investigated. Pseudo-first-order kinetics is observed
when the adsorption rate is influenced by solution
concentration and adsorbance. The resistance of
intraparticle mass transfer is the limiting factor of
adsorption. In contrast, pseudo-second-order kinetics
is observed when the limiting factor of the adsorption
process is the adsorption mechanism rather than
intraparticle mass transfer. Intraparticle diffusion is
the controlling step in many adsorption processes. The
pseudo-first-order and pseudo-second-order models as
well as the intraparticle diffusion rate were used to
analyze the adsorption kinetics of AC for Cr(VI).

3. Results and discussion
3.1. Characteristics of AC

SEM was used to examine the surface characteris-
tics of the virgin AC and Cr(VI)-adsorbed AC samples
(Fig. 1). The surface of the AC before adsorption was
porous (Fig. 1(a)). AC samples adsorbed with Cr(VI)
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(Fig. 1(b)), the surface structure of the AC was coarse.
As shown in the SEM, the abundant pore structures
and high surface area made AC one of the most effec-
tive adsorption materials.

The pore-size distribution of the AC before
adsorption is presented in Fig. 2 indicated the pres-
ence of micro-mesoporous structures with most pores
<5nm in diameter; the correlation coefficient was
r=0.9997. The N, adsorption/desorption isotherms
for AC (insert of Fig. 2) were consistent with a type-IV
curve according to IUPAC classification. The BET
surface area and average pore size of the AC were
834.13 m?/g and 5.17 nm, respectively.

3.2. Effect of contact time

To explore the adsorption equilibrium time of the
AC for Cr(VD) removal, solutions containing initial
chromium concentrations of 20 and 50 mg/L were
prepared and mixed with 0.05 g of AC. Fig. 3 shows
how Cr(VI) removal by the AC changed over time.
The percentage of Cr(VI) removed increased rapidly
during the first 30 min for all concentrations, and then
gradually slowed. After 180 min, the removal rate
tended toward stability. The rapid initial increase was
probably caused by the abundant bonding sites of AC
and large concentration gradients existing between
Cr(VD) in aqueous and solid phases [11]. The adsorp-
tion of Cr(VI) by AC depended on the initial concen-
tration of Cr(VI). The proportion removed after
180 min increased from 63.17 to 85.49%, when the ini-
tial concentration decreased from 50 to 20 mg/L. After
180 min, the rate of adsorption almost approached
equilibrium. Thus, 180 min was chosen as the reaction
time in subsequent experiments.

The Q, could be drawn from the results, when the
concentration of Cr(Vl) is 20 mg/L; the Q. is about
16.61 mg/g, while Q, of the Fe-modified AC prepared
from T. natans husk is just 11.83 mg/g, when the
concentration of Cr(VI) is 20 mg/L [11].

3.3. Effect of temperature

Temperature is an important variable in most reac-
tions, so the effect of temperature on Cr(VI) adsorp-
tion by AC was investigated. As shown in Fig. 4, the
percentage of Cr(VI) removed in 3 h increased from
37.6 to 50.39% with the temperature increased from 20
to 40°C. Low temperature restrained the adsorption
process, and there was minimal effect when the tem-
perature reached a certain level. A possible reason for
the lower adsorption at lower temperature was that
the bonding between Cr(VI) ions and functional
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(a)

(b)

Fig. 1. SEM images of AC (a) before and (b) after Cr(VI) adsorption. AC content=1.6g/L; time =3 h; initial

concentration = 100 mg/L; and temperature = 25°C.
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Fig. 3. Effect of contact time on percentage of Cr(VI)
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groups on the AC surface was facilitated by a higher
temperature. In subsequent experiments, 30°C was
used as the experimental temperature.

3.4. Effect of initial solution pH

The initial solution pH is an important factor influ-
encing metal sorption in aqueous solution because the
surface properties of adsorbents, ionic state of func-
tional groups, and metals, all depend on pH [23].
Fig. 5 reveals that the adsorption of Cr(VI) by AC was
improved under acidic conditions. The Cr(VI) removal
rate was high, when the pH of the initial solution was
low. Conversely, under neutral or alkaline conditions,
the adsorption of Cr(VI) by AC was inhibited. The pH
of the solutions did not change after the adsorption
process, so the Cr(VI) concentration had little effect on
the solution pH. The removal rate increased sharply
from about 57.25% to about 98.92% with the pH
decreased from 6 to 1. The trend in adsorption capac-
ity was similar to that of the removal rate, so acidic
conditions were the best choice for the adsorption
experiments.

Chromate can be present in various forms in the
solution phase depending on pH and chromium
concentration [24]:

H,CrOy «—— H* + HCrO, @)
HCrO; «— H* 4+ CrO3~ )
2HCrO; «— Cr,0% + H,0 ©)
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Fig. 5. Influence of solution pH on Cr(VI) removal rate
and adsorption capacity. AC content = 1.6 g/L; tempera-
ture = 25°C; initial concentration =100 mg/L; and the
revolving speed = 180 r/min.
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At a solution pH of 2-3, the predominant Cr(VI)
species is HCrO, , but as the pH increases, it forms
Cr,0,% and CrO,%". HCrO, is more favorable for
sorption than the other species because it has a low
adsorption free energy [25].

3.5. Effect of AC content

To determine the optimum conditions for adsorp-
tion of Cr(VI) by AC, various AC contents (0.2-2 g/
L) were used to adsorb Cr(VI) with a constant con-
centration of 100 mg/L. Fig. 6 reveals that the
removal rate increased as the AC content increased
from 0.2 to 1.2 g/L. About 98.62% of removal was
achieved with 1.2 g/L of AC. Then the removal rate
was stabilized. The removal efficiency reached as
high as 99.26%. When the dose was increased
further, the removal rate was basically unchanged
but did decrease slightly. This is because the excess
AC allowed a competing adsorption phenomenon to
exist in the solution, which indirectly reduced
adsorption efficiency.

Throughout the entire process, the adsorption
capacity and maximum are the most important
characteristics of the AC. Fig. 6 reveals that Q.
decreased dramatically above AC contents of 0.2 g/L.
The most likely reason for this was that the AC
contents below 0.2 g/L reached adsorption saturation
(about 119 mg/g). When the AC content increased
further, AC would adsorb relatively fewer Cr(VI)
ions per amount added, and AC competed to adsorb
Cr(VI) ions.
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Fig. 6. Dependence of AC content on Cr(VI) removal
rate and adsorption capacity. Temperature = 25°C; initial
concentration = 100 mg/L; pH =1, and the revolving
speed = 180 r/min.
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3.6. Effect of initial concentration

In this study, the maximum adsorption quantity of
Cr(VI) was determined by changing the initial
concentration of Cr(VI). With increasing concentra-
tions of Cr(VI), the adsorption quantity changed as
shown in Fig. 7, Q. gradually increased as the initial
concentration of Cr(VI) increased from 50 to 200 mg/L
until it reached a maximum adsorption quantity of
149.06 mg/g, the peanut shells AC was about
95 mg/g when the concentration of Cr(VI) was
100 mg/L [26]. However, as the initial concentration
of Cr(VI) was increased, the removal rate of Cr(VI) by
AC rapidly decreased.

3.7. Orthogonal experiments

The three levels for different experimental condi-
tions were confirmed through initial and single-factor
experiments. The optimum condition was selected as
the middle level, and then the same spacing on either
side was used to determine the other levels, as listed
in Table 1. The four factors considered were initial
concentration, quantity of AC, solution pH, and
temperature.

The results obtained of these orthogonal experi-
ments are shown in Table 2. The optimal combination
was pH =1, initial Cr(VI) concentration =80 mg/L,
temperature =303 K, and AC content=1.6g/L.
Orthogonal testing revealed that the factors affecting
Cr(VD) adsorption had the order of importance of
solution pH > initial concentration > temperature >
quantity of AC.
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Fig. 7. Effect of the initial Cr(VI) concentration on the
adsorption capacity of AC and removal rate. AC con-
tent = 1.6 g/L; temperature =25°C; pH =1; the revolving
speed = 180 r/min; and time = 3 h.
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According to the latest national standard require-
ments, the discharge standard for leather companies,
leather and wool processing companies, and plating
corporations is a maximum Cr(VI) concentration of
0.2mg/L. The optimal combination of experimental
conditions for Cr(VI) adsorption by AC could decrease
the Cr(VI) concentration to 0.015 mg/L, which meets
the required national standard.

3.8. Adsorption kinetics

The kinetics of the adsorption of Cr(VI) by AC
considers three widely used models: the pseudo-first-
order, pseudo-second-order model, and the rate of
intraparticle diffusion were investigated. The linear
form of the pseudo-first-order equation [27] can be
expressed as

In (Q.— Q) =In Q, — kyt (6)

where Q, is the amount of Cr(VI) adsorbed at equilib-
rium (mg/g), Q; is the amount of Cr(VI) adsorbed at
time f (mg/g), ki is the rate constant of the pseudo-
first-order model (1/min), and ¢ is time (min). The val-
ues of Q. and k; can be obtained from the intercept
and slope of a plot of In(Q,~Q;) vs. t, respectively.

The linear form of the pseudo-second-order model
equation [25] is given as follows:

t/Qr = 1/kQ.% +t/Q. @)

where Q, is the amount of Cr(VI) adsorbed at equilib-
rium (mg/g), Q; is the amount of Cr(VI) adsorbed at
time ¢t (mg/g), k» is the rate constant of the pseudo-
second-order model (g/(mg min)), and ¢ is time (min).
The parameters Q, and k, can be estimated from the
slope and intercept of a plot of (t/Qp) vs. f,
respectively.

Adsorption of any metal ion from the aqueous
phase onto porous materials proceeds by a multi-step
process, and is usually controlled by either the film
diffusion (external mass transfer) or the rate of
intraparticle diffusion rate [28]. To identify the diffu-
sion mechanism in the Cr(VD)/AC system, the
intraparticle diffusion model is considered using the
following equation [29]:

Qi =kpt*® +C ®)

where k, is the intraparticle diffusion rate constant
(mg/(g min®%)), and C is the intercept (mg/g). k, and
C can be obtained from a plot (Q;) vs. t*°. Intraparticle
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Levels of factors investigated to optimize adsorption conditions
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pH Temperature (°C) Adsorbent dose (g/L) Initial concentration (mg/L)
1 25 1.4 80

1.5 30 1.6 100

2 35 1.8 120

i : 981.85

v Y——1169.64
¥ 1072.43

e 342829 ST

3420.86

I T
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Fig. 8. FTIR spectra of AC (a) before and (b) after adsorption of Cr(VD).

Table 2

Results of orthogonal experiments

1
4000

pH Temperature (°C) AC content (g/L) Initial concentration (mg/L) Removal efficiency (%)

1 1 25 14 80 99.28
2 1 30 1.6 100 99.97
3 1 35 1.8 120 99.97
4 15 25 1.6 120 95.79
5 15 30 1.8 80 99.89
6 15 35 1.4 100 99.45
7 2 25 1.8 100 95.32
8 2 30 1.4 120 88.52
9 2 35 1.6 80 99.68
k1 99.74 96.13 95.75 99.61

k2 98.38 96.79 98.48 98.25

k3 94.51 99.70 98.39 94.76

R 5.23 3.57 2.73 4.85
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diffusion is the sole rate-limiting step if the plot of
(Q) vs. t°° is a straight line that passes through the
origin [30].

The best model to describe our Cr(VI)/AC system
was determined using correlation coefficients (R?),
together with a non-linear chi-square test analysis
(X?), which was defined as [24]:

XZ = Z(QCXP - Qcal)Z/Qcal (9)

where Q. is the calculated amount of Cr(VI)
adsorbed by AC (mg/g), and Qe is the experimental
amount of Cr(VI) adsorbed by AC (mg/g).

A smaller X* value means a better agreement
between the values calculated from the model and the
experimental data.

Table 3 lists all of the kinetic parameters, correla-
tion coefficients, and X* for the Cr(VI)/AC system.
Compared with the pseudo-first-order model and the
rate of intraparticle diffusion, the pseudo-second-order
model fitted the experimental data quite well, and
both R* and X? analyses supported this conclusion. R
was 0.9994 and 0.9926 for the pseudo-second-order
model. There was good agreement between Q. and
Qexps and X? for the pseudo-first-order model and the
rate of intraparticle diffusion were higher than that
determined for the pseudo-second-order model. C
indicates the boundary thickness; the larger the C
value is, the greater the effect of the boundary. The fit
of the intraparticle diffusion rate was better for an AC
content of 50 mg/L than for that at 20 mg/L. It meant
that the lower concentration, the bigger the effect of
the boundary.

Overall, the results suggest that adsorption of
Cr(VI) by AC was not a first-order reaction, and
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instead may be a pseudo-second-order reaction, based
on the assumption that the rate-limiting step might
be chemical sorption or chemisorption involving
valence forces through the sharing or exchange of
electrons between sorbent and sorbate [31]. Sharma
and Forster reported that the kinetics of the sorption
of Cr(VI) using peat, leaf mold, and granular AC is a
pseudo-second-order reaction [32,33].

According to the experimental results and a good
adsorption capacity compared with other low-cost AC
adsorbents which is given in Table 4, AC derived
from luffa sponge is a good adsorbent, it also provides
a new method for Cr(VI) removal from aqueous
waste.

3.9. FTIR analysis

FTIR spectra obtained for the AC before and after
Cr(VI) adsorption were used to explore the adsorption
mechanism further. Generally, the bands in the low-
frequency region (400-1,000 cm™") can be assigned to
metal-oxygen and metal-hydroxyl vibrations [34]. The
region between 1,610 and 1,500 cm™! is associated with
C-C stretching in aromatic rings found on the lignin
structure [35].

Fig. 8(b) reveals that the FTIR spectrum of the
Cr(VI)-loaded contained bands centered at 490.12,
1,072.43, 1,575.70, and 3,428.29 cm ™!, which might cor-
respond to the presence of M-O (metal-oxygen), C-O
(acids, alcohols, phenols, and esters), C-C, and —OH
(carboxyl and phenol functional groups), respectively
[36]. The adsorption process also caused the intensity
of the broad bands at 490.12, 1,577.70, and
342829 cm ™' present in the FTIR spectrum of unre-
acted AC to increase. The intense peak at 490.12 cm™"

Table 3

Pseudo-first-order and pseudo-second-order models for the adsorption of Cr(VI) by AC

Kinetic model Parameter (unit) 20 mg/L 50 mg/L

Pseudo-first-order k; (1/min) 0.0094 0.0073
Qcar (mg/g) 6.840084 21.3895
R? 0.9846 0.9804
X2 15.38824 5.359351

Pseudo-second-order k; (g/(mg min)) 0.002686 0.000709
Qcal (mg/g) 17.82531 34.96503
R? 0.9994 0.9926
X2 0.029549 0.054516

Intraparticle diffusion k, (mg/(g min®?)) 1.4549 1.9295
C (mg/g) 62.312 29.743
R? 0.7288 0.9465
X2 32.80716 0.496129

Qexp 17.09956 33.5844
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Table 4
Adsorption capacities of various low-cost AC adsorbents for Cr(VI)

Qum Sorbent content
Adsorbent (mg/g) (g/L) pH  Concentration (mg/L)  References
Fe-modified Trapa natans husk-activated carbon  11.83 15 6 20 [11]
Hazelnut shell-activated carbon 92 2.5 1 300 [37]
Hevea brasilienesis sawdust-activated carbon 63.99 1 2 200 [38]
Terminalia arjuna nuts-activated carbon 497 2 1 10 [39]
Luffa sponge-activated carbon 89.96 1 1 100 This work

12232 1 200

141.69 1 300
for Cr(VD-loaded AC can be attributed to the Cr-O  References

bond vibration, confirming that the adsorbed Cr(VI)
bonded with oxygen-containing functionalities on the
sorbent surface [1]. The unreacted AC also had this
peak at 489.11 cm™ !, which might arise from other
functional groups in this case. A new peak at
981.85 cm™' appeared after adsorption, which might
be caused by binding of Cr(VI).

4. Conclusion

The high surface area (834.13 m?/g) and pores
(average size of 5.17 nm) of AC produced from luffa
sponge resulted in excellent adsorption properties for
Cr(VD). The optimal conditions for adsorption of
Cr(VID) by AC were pH =1, initial Cr(VI) concentra-
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