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ABSTRACT

The sludge-straw adsorbent was prepared by chemical pyrolysis and characterized by Brunauer
Emmett Teller (BET), T-plot, Barrette Joynere Halenda (BJH), scanning electron microscope (SEM)
and Fourier transform infrared red (FTIR) spectrometer. Batch experiments were conducted to
evaluate the effect of temperature, contact time, initial dye concentration, pH and adsorbent dose.
Adsorption mechanism of acid violet 48 onto the sludge-straw adsorbent had been discussed prelim-
inarily on the basis of different kinetics and adsorption isotherm models. The results showed that the
pseudo-second order adsorption mechanism was predominant. The maximum adsorption capacity
obtained from Langmuir model was 833.33 mg/g at 308 K. Isotherm parameters were calculated, the
results indicated that the adsorption processes were endothermic (AH > 0), spontaneous (AG < 0) and
accompanied by an increase in randomness (AS > 0).
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1. Introduction

Nowadays, large amounts of wastewater are discharged
from the printing and dyeing industry, which contains a lot
of water pollutants, such as dyes, pastes, additives, fiber
impurities, sand, inorganic salt and so on. Among them,
dyes are considered as the most severe contaminant of
wastewater. The dyes in wastewater contain toxic organic
compounds and substances. Being discharged into water
streams, they would be harmful to environment and be a
carcinogen and mutagen for humans through contaminated
drinking water [1]. Most dyes are usually composed of aro-
matic nucleus, which are inert and non-biodegradable. A
wide range of physicochemical techniques, such as chem-
ical oxidation, flocculation, photo-degradation, adsorption,
and membrane separation, coagulation and ion-exchange
have been employed to treat print and dye wastewater.
Among them, adsorption technique is the most attractive
and effective method for removal of organic dyestuffs from
the wastewater due to its low initial cost, simple operation,
and insensitivity to toxic pollutants, etc [2,3].

*Corresponding author.

As we all know, conventional activated carbon derived
from high quality coal or shell is the most widely used
adsorbent. Because of its micro-porous structure, high
adsorption capacity and extraordinary surface area, acti-
vated carbon has a good adsorption effect on the purifi-
cation of wastewater. However, the higher cost limits its
application in wastewater treatment. This has led to the
continuous search for easily obtainable and cost-effective
adsorption materials. Lots of research has been done to find
alternative adsorbents from other materials. A large num-
ber of industrial and agricultural waste materials have been
successfully utilized as potential adsorbents for the removal
of dyes and pigments from wastewater, such as perlite [4],
chitosan [5-7], pyrolyzed petrified sediment [8], wheat
bran [9], rice husk [10], wood and wood sawdust [11,12],
camellia seed powder [13], Platanus orientalis leaf powder
[14], clays [15,16], phosphate [17], Eichhornia plant [18-20],
kaolinite and montmorillonite [21], fish bone [22], sepiolite
[23], hen feather [24-27], peanut husk [28,29], etc.

Excess sludge is the solid waste generated during the pro-
cess of wastewater treatment. In recent years, the accelerated
process of urbanization and industrialization leads to the
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increase of sewage sludge production, and how to deal with
the excess sludge caused the attention of the environmen-
tal researchers. Because the excess sludge is rich in organic
matter, it can be converted into porous absorbing materials,
which meets the idea of sustainable development [30,31].

In this paper, the excess sludge was prepared into the
adsorbent by dried pyrolysis. The corn straw, a surplus
agricultural byproduct was added to improve the adsorp-
tion performance in the preparation process of adsorbents,
considering that the fixed carbon content of the excess
sludge is low. The adsorption isotherms and kinetics of acid
violet 48 onto sludge-straw adsorbent were investigated,
which was important to identify various natural environ-
mental systems. The thermodynamic activation parameters
of the process, such as activation energy, enthalpy, entropy
and free energy, were also determined.

2. Materials and methods
2.1. Materials

Acid violet 48 was purchased from Sinopharm Chem-
ical Reagent Co., Ltd, China. The purity of the material is
more than 99%. The molecular formula of acid violet 48 is
C,,H,N,Na,OS, the molecular weight is 764.82, and the
CAS number is 12220-51-8.

The stock solution of acid violet 48 (1000 mg/L) was
prepared by dissolving a required amount of dye powder
in deionized water, and the working solutions were freshly
prepared by diluting the stock solution with deionized water.

The excess sludge was obtained from the northern sub-
urban wastewater treatment plant of Taiyuan city in Shanxi
province, North China. The sludge-straw adsorbents
were prepared by dry pyrolysis method. The N, adsorp-
tion-desorption isotherms of the adsorbent were measured
using an automatic adsorption instrument (ASAP 2020 M,
Micro-meritics Instrument Co., USA) at liquid nitrogen
temperature (N,, 77K) [32,33]. The morphologies and struc-
tures of the adsorbent and sludge were observed by scan-
ning electron microscope (Hitachi S-4800, Japan).

2.2. Batch experiment

Batch equilibrium experiments were investigated using
a series of dye-solutions with the initial concentration rang-
ing from 170 to 560 mg/L. The adsorbent dose was 0.5 g/L
and agitated for 12 h. After the adsorption for 12 h, the con-
centrations in the residual dye-solutions were measured
using the UV-VIS spectrophotometer UV-2100PC scanning
spectrum at the maximum absorbance wavelengths of 530
nm. The amount of the adsorbed dyes (g, mg/g) at equilib-
rium on the sludge-straw adsorbent was determined by the
mass balanced equation Eq. (1):

_(G-C)xV
‘ M
where C and C_ are the initial and equilibrium liquid-phase
concentrations of dyes (mg/g), M is the mass of adsorbent
(g) and V is the volume of the solutions (L).
Batch kinetic experiments were conducted in an oscil-
lation incubator at 296 K. The initial dye concentration was

1)
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100, 200 and 300 mg/L respectively with the adsorbent
dose of 0.8 g/L. The solution samples were separated at
predefined time intervals and determined. The adsorption
capacity (g, mg/g) at time was calculated by using Eq. (2):

_ (CO — Ct) xV
' M
where g, is the amount of dye adsorbed at time (mg/g), C, is
the dye concentration at time (mg/L).

()

3. Results
3.1. Characteristics of sludge-straw adsorbent

The S, of the adsorbent was 459.77 m?/g, and micro-
pore volume (V, ) was 0.164 cm®/g obtained by the t-plot
method.

FT-IR analysis was carried out to evaluate the change
of functional groups situated on the surface of adsorbent
compared to straw and excess sludge.
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Fig. 1. FT-IR spectra of adsorbent and materials.
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Fig. 2. Adsorption and desorption isotherms of the sludge-straw
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It can be seen from the FTIR spectra in Fig. 1, the bands
at about 3279 cm™ (excess sludge), 3325 cm™ (sludge-straw
adsorbent) and 3341 cm™ (straw) corresponds to the stretch-
ing vibrations of surface hydroxyl groups. The bands at
about 2922 cm™ (excess sludge) and 2925 cm™ (straw) could
be assigned to C-H vibration which indicated that excess
sludge and corn straw contains organic matter. This band
disappeared in the FTIR spectra of sludge-straw adsorbent,
which illustrated that the C—-H bond had been destroyed in
the process of the formation of the adsorbent. The bands
at 1638 cm™ (excess sludge), 1595 cm™ (sludge-straw adsor-
bent) and 1604 cm™ (straw) could be assigned to -C=C- or
C=0 groups. The bands at about 1012 cm™ (excess sludge),
1032 cm™ (sludge-straw adsorbent) and 1034 cm™ (straw)
might be attributed to the structure of C-O-C groups. Com-
pared to the excess sludge and the corn straw, the peak
intensity at about 1032 cm™ decreased, which indicated that
the C-O-C groups were destroyed in the pyrolysis process.

As seen from Fig. 2, the isotherm of the sludge-straw adsor-
bent was similar to type I character as defined by International
Union of Pure and Applied Chemistry (IUPAC) classification,
corresponding to the Langmuir monolayer adsorption pro-
cess, and the adsorption was reversible and occurred mainly
within micro-pores. When P/P; was close to 1, the isotherm
increased rapidly, owing to the gaps between the particles.

It can be seen from Fig. 3, the sludge-straw adsorbent
exhibited a narrow mesopore distribution, with a peak
occurring about 1.9 nm.

Fig. 4a and 4b show the scanning electron microscope
(SEM) photograph of the surplus sludge and the adsorbent
respectively.

The SEM image of the adsorbent shows a very large num-
ber of pores, by contrast with the SEM image of the surplus
sludge. This demonstrates that the materials can form well-
developed pore structures after carbonization and activation.

3.2. Effect of temperature and initial concentration

Fig. 5 shows the adsorption capacity of acid violet 48 at dif-
ferent temperatures (15°C, 25°C and 35°C) by plotting its g,
vs. C, at the adsorbent dose of 0.5 g/L.

When the temperature was raised from 288 to 318 K, the
uptake capacity of acid violet 48 increased, indicating that
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Fig. 3. BJH distribution curve.

the adsorption was an endothermic process in nature. This
could be attributed to the increasing of dye diffusion rate
across the external boundary layer and in the internal pores
of the adsorbent particle at higher temperature. In addition,
increasing the initial concentration of dye will make the
adsorption capacity of acid violet 48 increase.

Fig. 4. SEM image of the surplus sludge and the adsorbent.
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Fig. 5. The effect of temperature on the adsorption capacity.
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3.3. Effect of contact time and initial concentration

Fig. 6 shows the adsorption amount of acid violet 48 as
a function of contact time at 100, 200 and 300 mg/L initial
concentration under 296 K, respectively.

It was observed that the adsorption amount of acid vio-
let 48 onto sludge-straw adsorbent increased quickly with
increasing contact time at first, and then the adsorption rate
increased slowly until the equilibrium was achieved. This
may be attributed to large available amounts of adsorption
sites on the surface of adsorbent. As the adsorption sites
became gradually filled up, the adsorption rate decreased
[2]. The equilibrium time was 225, 480 and 660 min for 100,
200 and 300 mg/Linitial concentration, respectively.

3.4. Effect of solution pH and the dosage

Fig. 7a and 7b show the effect of the solution pH and
adsorbent dosage on removal rate of acid violet 48.

It was observed from Fig. 7a that the removal rate
of dye was found to decrease with increasing pH and it
decreased from 82.65% to 44.05% for an increase in pH
from 3 to 10. The figure demonstrated that the removal
rate decreased with increasing pH because of the elec-
trostatic attraction between the dye and the positively
charged adsorbent surface. As the pH increases from
3 to 10, the number of ionisable sites on adsorbent sur-
face increases. Fig. 7b shows that the removal rate of acid
violet 48 increased with increasing dosage of the sludge-
straw adsorbent. When the dosage achieved 0.1 g/L, the
removal rate approached nearly 100%.

3.5. Adsorption isotherms

For the equilibrium isotherm assessment, the Langmuir,
Freundlinch and Tempkin isotherm models were used to
analyze the experimental data.

The linear form of Langmuir isotherm model given
below was used by plotting C /Q against C, [34]:
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Fig. 6. Adsorption amount of acid violet 48 on sludge-straw ad-

sorbent as a function of contact time (Adsorbent dose = 0.8 g/L,
T =296 K).

where C, (mg/L) is the equilibrium concentration of the
dye, Q, (mg/g) is the adsorption capacity at equilibrium, Q
(mg/g) is maximum monolayer adsorption capacity, and K
(L/mg) are the Langmuir constants related to maximum
monolayer adsorption capacity. Q, and K, for the model can
be obtained from the slope and intercept of the plot.

The linear form of Freudlinch isotherm model given
below was used by plotting In Q against In C, [35]:

InQ, =anF+llnCE 4)
n

where K. and n are Freundlich constants, representing
adsorption capacity and adsorption intensity respectively,
and can be estimated from the intercept and slope of the lin-
ear plots of In Q vs. In C,. For favorable adsorption, n is <1.

The linear form of Tempkin isotherm model given
below was used by plotting Q against In C:

RT RT
Qz =?lnC5+?lnA (5)

where A and B are Tempkin constants.

The Langmuir model is based on the assumption that
adsorption is localized on a monolayer and all adsorp-
tion sites at the adsorbent are homogeneous [36]. Whereas
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Fig. 7. The effect of pH (a) and adsorbent dosage (b) on removal
rate of acid violet 48.
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the Freundlich model presumes that the multilayer of the
adsorption process occurs on a heterogeneous surface [37].
The Tempkin model considers effects of indirect adsorbate/
adsorbent interactions and suggests that because of these
interactions the heat of all the molecules in the layer will
decrease linearly with coverage. The Langmuir, Freun-
dlich and Tempkin isotherm linear plots for the adsorption
of acid violet 48 were shown in Figs. 8-10, and isotherm
parameters for the adsorption of acid violet 48 at different
temperatures were listed in Table 1.

As shown in Figs. 8-10 and Table 1, the adsorption iso-
therm of acid violet 48 onto the sludge-straw adsorbents
is better fitted to the Langmuir isotherm model (R = 0.999,
0.999, 0.999) than the Freundlich isotherm (R?= 0.951, 0.968,
0.980) and the Tempkin isotherm (R*= 0.965, 0.965, 0.988).
Langmuir equation parameters Q  increase in accordance
with the increase of temperature, which implies that a
higher temperature is more conducive to adsorption. The
concentration index of the Freundlich model 1/# is between
0.1 and 0.2, indicating the adsorption was favorable.

3.6. Adsorption thermodynamics

The thermodynamic adsorption parameters, AH’, AS’
and AG’ (Table 2), were computed from the plots of In K, vs.
1/T from the equations. The thermodynamic model given
below was used by plotting In K, against 1/T. Thermody-
namic parameters were obtained from the slope and inter-
cept of the plot:

AS®  AH°
R RT ©)

And the Gibbs free energy was determined from the
Eq. (7):

InK, =

)

where K, is the thermodynamic equilibrium constant (K, =
Q/C), Q,is the adsorption capacity at equilibrium (mg/g),
C, is the equilibrium concentration of the dye (mg/L), T is
the absolute temperature (K), R is the gas constant (8.314
J/mol K), AG’ is the change in Gibbs free energy (kJ/mol),
AH" is the change in enthalpy (kJ/mol), AS’ is the change in
entropy (kJ/mol).

It can be seen from Table 2, the negative Gibbs free
energy change (AG’) and the positive value of AH’, indicate
that the adsorption process is spontaneous and endother-
mic, and increase of temperature activates the adsorption
sites. Further, the positive value of entropy change (AS"),
reflects randomness nature of process at the solid/solution
interface and the molecules of acid violet 48 onto the sludge-
straw adsorbent surface were organized in a more disorder
state compared to those in the aqueous phase [14,38,39].

AG° = AH® = TAS°®

3.7. Adsorption kinetics

Adsorption kinetics is important for selecting optimum
operating conditions. To evaluate the kinetic mechanism of
the adsorption process, kinetic study of the adsorption of
acid violet 48 from aqueous solution onto the sludge-straw
was carried out by the well-known pseudo-first order, pseu-
do-second order and intra-particle models.
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Table 1
Isotherm parameters for acid violet 48 adsorption at different temperatures
Temperature Freundlich Langmuir Tempkin
K 1/n R? Q. (mg/g) K, (L/mg) R? A B R?
288 K 325.382 0.113 0.980 588.235 0.243 0.999 386.585 46.127 0.988
298 K 341.040 0.146 0.968 769.231 0.186 0.999 41.566 30.845 0.965
308 K 421.155 0.124 0.951 833.333 0.240 0.999 157155 33.157 0.965
Table 2 6
Thermodynamics parameters for acid violet 48 adsorption on 100mg/L
sludge-straw adsorbent 5 [ B 200mg/t
300mg/L
C, AH’ ASY AG? (kJ/mol) o 4 X — === Linear (100mg/L)
(mg/L)  (kJ/mol)  (J/molK) 288K 298K 308K g g — - Linear (200mg/L)
:_\E\ 37 .Q \. Linear (300mg/L)
320 53.42 203.61 -5.22 -7.25 -9.29 = "Q { .
350 4294 164.46 -4.43 -6.07 -7.72 % 2 ¢ N
380 37.02 142.51 -4.02 -5.44 -6.87 3 1 \& ‘; .
470 34.84 130.25 -2.67 -3.97 -5.27 .
500 31.75 118.22 -2.29 -347 —4.66 0

Pseudo-first order model is based on the assumption
that the adsorption is controlled by diffusion step. The lin-
ear form of the pseudo-first order model is given as [40]:

ln(qe - qt) =Ing, —kt )

where k, is the pseudo-first order rate constant of the
adsorption (min™).

The linear form of pseudo-second order kinetic model
given below was used by plotting t/7, against t. The val-
ues of k, and g, can be determined experimentally from
the slope and intercept of the plot of t/g, vs. t, respectively.
The pseudo-second order kinetic model is expressed as
follows [41]:

t_1 _t
9 kg 4, ©)

where k, is the equilibrium rate constant of pseudo sec-
ond-order adsorption (g/mg min) and g, is the equilibrium
adsorption capacity (mg/g).

Intra-particle diffusion process is known as the rate-lim-
iting step in many adsorption processes, which occurs in
the pores of adsorbents, and the internal resistance to dif-
fusive transport process is much higher than the external
resistance. The intra-particle diffusion model is proposed
by Weber and Morris to analyze the mechanism of the
adsorption. This model is expressed as follows [8, 42]:
g, =k % +C (10)
where k is the adsorption rate constant of the intra-particle
diffusion (mg/g min®?).

Fitting the adsorption kinetics data of acid violet 48 with
the above motioned three kinetics models [Egs. (8)-(10)],
the linear fitting curve and fitting equation are shown in
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Fig. 11. Pseudo-first order model for the adsorption of acid violet
48 by sludge-straw adsorbent.
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Fig. 12. Pseudo-second order model for the adsorption of acid
violet 48 by sludge-straw adsorbent.

Figs. 11-13. The derived rate constants together with the
corresponding linear regression correlation coefficient R*
values of three kinetic models can be obtained. The results
are given in Table 3.

It was observed from the Table 3 and Figs. 11-13 that
the best model to generate a good fit to the experimental
data was the pseudo-second order model (R* 0.996, 0.998,
0.999, Table 3), followed by the pseudo-first order model
(R*0.902, 0.911, 0.943). The experimental ¢° values (123.31,
236.84, 342.61mg/ g, Table 3) show a much better agreement
with those obtained from the pseudo-second order model
(125.79, 255.75, 374.53 mg/g, Table 3).
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Fig. 13. Intra-particle diffusion kinetics of acid violet 48 onto
sludge-straw adsorbents.

The intra-particle diffusion coefficient for the adsorp-
tion of acid violet 48 was calculated from the slope
of the plot of square root of time (min®®) vs. amount of
dye adsorbed (mg/g). Here, when the values of C equal
to zero, namely, the plot passes through the origin, the
intra-particle diffusion will be the sole rate limiting step.
As seen from Fig.13, the plots do not pass through the
origin. Therefore, it is not the sole rate-controlling step,
besides the intra-particle diffusion, other processes such as
surface adsorption and liquid film diffusion also involved
in adsorption process.

3.8. Discussion

In the light of the isotherm and kinetics studies, it is
observed that the adsorption thermodynamic and kinetic
data were fitted well by Langmuir isotherm modern and
second-order kinetics modern respectively. Therefore, we

Table 3
Fitting kinetics parameters of acid violet 48

C, q Pseudo first-order Pseudo second-order Intra-particle

mg/L - mg/g g q, R? k, q. R? k, C R?
1/min mg/g g/mgmin mg/g mg/gmin®®

100 123.31  0.02302 88.23 0.943 8.778E-04 12579 0999 1.570 92.08 0.557

200 236.84  0.01016 21379 0911 8.264E-05 255.75 0998 5.816 108.3 0.906

300 342.61  0.00847 329.31 0902 4.243E-05 374.53 0996 9.095 132.6 0.953

Note: g° and g, represent the equilibrium adsorption capacity obtained by experiment and calculation respectively.

Table 4

Comparison of the maximum adsorption capacities of dyes onto various adsorbents
Adsorbent Dye g, Ref.
Sludge-straw activated carbon Acid violet 48 833.33 mg/g This work
3D rGO macrostructure Acidred 1 27701 mg/g [2]
3D rGO macrostructure Methylene blue 302.11 mg/g 2]
Pyrolyzed petrified sediment Trypan blue 345mg/g [8]
Activated Mangifera indica Saw Dust Congo red 45.5mg/g [12]
Camellia seed powder Methylene blue 919 mg/g [13]
Camellia seed powder Methyl violet 3.08 mg/g [13]
Platanus orientalis leaf powder Methylene blue 11494 mg/g [14]
Safi decanted clay Acid orange 52 88.70 mg/g [15]
Safi decanted clay Malachite green 169.68 mg/g [15]
Surfactant modified bentonite clay Methylene blue 399.74umol/g [16]
Surfactant modified bentonite clay Crystal violet 365.11umol/g [16]
Surfactant modified bentonite clay Rhodamine B 324.36 umol/g [16]
Eichhornia charcoal Crystal violet 5813 mg/g [18]
Modified Eichhornia crassipes Crystal violet 116.3 mg/g [19]
Eichhornia charcoal Congo red 103.2 mg/g [20]
Sludge-straw activated carbon Acid turquoise blue 2G 1.5738 mmol/g [32]
Sludge-straw activated carbon Acid scarlet 3R 11111 mg/g [33]
MCM-41 Safranin 68.8 mg/g Reference 43
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can consider that the surface of sludge-straw adsorbent is
homogeneous and contains structurally and energetically
active sites. Each site can hold at most one molecule of
dye (mono-layer coverage only), and there are no interac-
tions between adsorbate molecules on adjacent sites. The
adsorption is an endothermic and spontaneous process.
The adsorption rate of acid violet 48 is determined by the
square value of the number of hollow sites on the surface
of the adsorbent. The adsorption process is controlled by
the mechanism of chemical adsorption, which involves the
electron sharing or electron transfer between the adsor-
bent and the adsorbate, so the adsorption of acid violet 48
by the sludge-straw adsorbent is complex, and includes
more than one mechanism, such as external liquid film
diffusion, surface adsorption, and intra-particle diffusion.

3.9. Comparison of various adsorbents and dyes

The maximum monolayer adsorption capacities of the
sludge-straw adsorbent in this work were compared to the
previous work (Table 4). From the comparison it can be con-
cluded that the adsorbent derived from sludge and straw
is effective for the removal of dyes from aqueous solution.

3.10. Regeneration of sludge-straw adsorbent adsorbed and
saturated

In order to know the regeneration ratio of sludge-straw
adsorbent, the regeneration experiment was carried out.
Firstly, the saturated adsorbent was taken, 200 ml of 10%
sodium hydroxide solution was added and stirred at 200
rpm for 30 min, and then filtered to remove alkali solution,
it was repeated once in accordance with the above opera-
tion. Secondly, the adsorbent was filtered and cleaned using
90-100°C water until pH value was close to 7. Finally, the
adsorbent was dried at 105°C in the oven, and the regener-
ation rate was determined. The regeneration rate of satu-
rated adsorbent was about 43%.

4. Conclusions

In this study, excess sludge and corn straw can be
changed into a prospective adsorbent for the removal of
the dyestuffs from its aqueous solutions. The adsorbent
showed a high performance for the adsorption of acid vio-
let 48, and the maximum amount of acid violet 48 adsorbed
(Q,) achieved 833.333 mg/g at 308 K. The adsorption of
acid violet 48 onto sludge-straw adsorbent was found to
be consistent with the assumption of Langmuir monolayer.
Thermodynamic parameter showed that the process is
endothermic and spontaneous. The adsorption of acid vio-
let 48 was best described by pseudo-second order kinetic
model.
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