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ABSTRACT

This study investigated the potential use of pyrolusite reductive leaching residue (PLR), a
low-cost residual solid by-product in manganese hydrometallurgy, as alternative adsorbent
for removal of Congo red (CR) from aqueous solution. The surface characteristics of the
PLR were measured. The effect of contact time was experimentally studied to evaluate
the adsorption capacity, kinetics, and equilibrium. Experimental results revealed that the
adsorption process almost finished within 300 min; adsorption capacity of the PLR
increased with increasing initial CR concentrations and temperature. CR uptake process
obeyed the pseudo-second-order kinetics. The CR uptake process was best described by the
Langmuir isotherm with maximum monolayer adsorption capacity of 45.66 mg/g at 25˚C.
Thermodynamic studies showed CR adsorption onto the PLR was endothermic and
spontaneous in nature. The regeneration studies showed that the PLR has good reuse
performance. The results indicated that PLR could be employed as low-cost alternatives for
removal of CR from industrial wastewater.
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1. Introduction

Colored wastewater, which is widely present in the
effluents of textiles, rubber, paper, plastic, and cosmet-
ics industries, may pose a severe threat to public health
and the environment because of its marked carcino-
genic and mutagenic effects to human and other living
organisms [1,2]. Thus, there is a great need to devise
available technologies to remove hazardous dyes from
their aqueous solutions. A variety of techniques, such
as ion exchange [3–6], chemical oxidation [7–10],
biodegradation [11,12], and adsorption [13–37] have
been developed for this purpose. Among these
methods, adsorption is a promising technique and

widely used because of its high efficiency and simple
operation. But the use of activated carbon, which is the
most widely used adsorbent, is not suitable for
developing countries because of its high cost. The use
of low-cost adsorbents such as clay minerals [13–16],
industrial wastes [17–23], and agricultural wastes
[24–37] were more suitable.

Manganese oxide ore is one of the most important
manganese minerals, which has very high potential as
a source of manganese, as well as other associated
metals such as copper, nickel, and cobalt. As the ores
possess a high surface area, they can also act as an
effective adsorbent for removal of phosphate, selenite,
phenolic compounds, and heavy metal ions from
synthetic solutions and industrial wastewater [38–46].
However, it must be noted that in the manganese*Corresponding author.
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oxide ores used as adsorbents, only the ores are
leached out of associated metals and the manganese
remained unleached. These leaching residuals have
the manganese content at 17–18%, which are still
important sources of manganese recovery.

In recent years, manganese demand has been dri-
ven by soaring steel production. The world rapidly
growing demand for manganese has made it increas-
ingly important to develop processes for economical
recovery of manganese from low grade manganese ores
[47]. Various direct reductive leaching processes have
been studied and developed for processing low manga-
nese ores, including leaching with ferrous iron [48,49],
organic reductants [50,51], bio-reductions [52,53], and
sulfur dioxide [54–58]. Among these processes, the
leaching with sulfur dioxide is proved promising
attributing to the advantages of fast leaching rate, high
Mn extraction rate and selectivity leaching of Mn.
Moreover, electrolytic manganese production with
low-grade pyrolusite leaching by SO2 has proved to be
feasible [58]. For the reasons above, from the perspec-
tive of manganese metallurgy, it is more suitable to
recover manganese from these manganese ores than
used as adsorbents directly. Unavoidably, once the Mn
is extracted, the new waste may be produced. Com-
pared with Mn ore, this leach residual has a low con-
tent of Mn, and the structure and surface properties
may have been changed in the leaching process. Litera-
ture on this waste is scarcely seen; whether it is still
used as adsorbent remained poorly understood.

In this research, the pyrolusite reductive leaching
residue (PLR) was developed. Congo red (CR) (sodium
salt of benzidinediazobis-1-naphthylamine-4-sulfonic
acid) was selected in this study as a model anionic dye.
CR has complex chemical structure and high solubility
as well as is persistent in aqueous solution [59,60]. It is
investigated as a mutagen and reproductive effector. It
irritates skin, eye, and gastrointestinal and may affect
blood factors such as clotting, as well as induce somno-
lence and respiratory problems [61]. Adsorption behav-
ior of PLR toward CR was evaluated by investigating
the effect of experimental parameters such as adsorbent
dose and contact time, as well as studying the adsorp-
tion kinetics and isotherms. The results of this study
will have important implications for adsorption tech-
nologies used to treat CR pollutants.

2. Experimental

2.1. Materials

CR, supplied by Miura chemical plant in Shanghai,
was used directly without further purification. Other
agents used were all analytical grade and all solutions
were prepared with distilled water.

2.2. Preparation and surface characteristics of adsorbent
PLR

The leaching of pyrolusite with sulfur dioxide was
taken in a bubbling reactor (ID, 18.5 cm; height,
38 cm; internal volume, 10 L) under semi-batch condi-
tion (agitation speed, 300 rpm/min, temperature,
50˚C). The pyrolusite slurry was prepared by mixing
5 L tap water with 2.5 Kg commercial pyrolusite first
and then 6% SO2 (1.5 m3/h) was injected until a molar
ratio of SO2/MnO2 = 1.5 was reached. Leaching resi-
due was separated by centrifugation and washed with
deionized water until the soluble salts were
completely removed. The solid was oven-dried at
110˚C for 24 h, and sieved to 140–200 mesh by stan-
dard sieves (Model 200). The product was referred to
as PLR.

Surface area and porosities of PLR were measured
by nitrogen adsorption and desorption analysis
(Micrometritics, Tristar II 3020). Particle-size distribu-
tion was measured by a particle size analyzer (Mal-
vern Instruments Corporate, Hydro 2000MU (A)). The
pH at the point of zero charge (pHpzc) was estimated
from a batch equilibrium method described by Babic
[62]. The compositions and some physical properties
of PLR are showed in Tables 1 and 2, respectively.

2.3. Adsorption experiments

Batch equilibrium CR adsorption studies were
performed by mixing a known dose of PLR
(0.04–0.64 g) with 50 mL solutions of certain CR
concentration in a 250 mL Erlenmeyer flask, and the
flasks were shaken at 200 rpm in a water bath shaker
(SHA-CA) at 25 ± 1˚C for 120 min to reach equilibrium.
Then, the mixture was filtered and the residual CR
concentrations were measured using an UV-visible
spectrophotometer (UV-754, Shanghai) at a wavelength
of 500 nm.

Table 1
Chemical compositions of PLR (%)

SiO2 Fe2O3 Al2O3 CaO SO3 MnO2

43.2 22.2 15.7 6.2 4.5 2.5

Table 2
Physical properties of PLR

Average
particle size
(μm)

Bulk
density
(g/cm3)

Specific
surface area
(m2/g)

Specific
gravity
(cm3/ g) pHZPC

12.02 0.68 73.32 0.13 6.60
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Adsorption kinetic experiments were done to
investigate the effect of contact time and evaluate the
kinetic properties. PLR (2.4 g) was added into 1000 ml
of CR solution with initial concentrations of
100.0 mg/L. The mixture was agitated on an electro-
magnetic stirrer (Model 78-1) at 300 rpm and
25 ± 1˚C. The stirring rate of 300 rpm was chosen to
disperse PLR homogenously in solution. At preset
time intervals (0–360 min), 10 mL of samples were
drawn and filtered, and the residual CR concentration
was analyzed by the same method described above.

2.4. Desorption experiments

For the desorption study, 0.12 g PLR were added
to 50 mL of CR solutions (100 mg/L, pH 6.25), once
equilibrium reached, the CR-adsorbed PLR adsorbents
were separated from solution by filtration, and then
stirred for 1 h in 50 mL of distilled water at different
pHs. After filtration, the desorbed dye was
determined to calculate the desorption efficiency.

For reuse, solutions with different NaOH concen-
trations were used as eluents, the same operation of
adsorption–desorption mentioned above was applied
first, and then the desorbed PLR adsorbents were
separated and washed by distilled water. Both the
desorbed PLR and desorbed NaOH solutions were
used as adsorbent and eluent in subsequent cycles.
The adsorption–desorption-washing was repeated
over five consecutive cycles.

3. Results and discussion

3.1. Adsorption of CR onto PLR

3.1.1. Effect of contact time

Fig. 1 shows the time profile of CR removal with
2.4 g/L of PLR at different initial CR concentrations
and temperatures. From Fig. 1, three important
conclusions could be drawn. First, in all the concentra-
tions the adsorption process was almost finished
within 300 min, and no significant change was
observed from 300 to 600 min. Second, the total
amount of CR adsorbed increased with the increasing
initial CR concentrations. This is because more CR is
available at higher initial concentrations of CR, and
higher initial adsorbate concentration provides higher
driving force for the ions from the solution to the
PLRs, resulting in more collisions between CR ions
and active sites on the PLRs. Third, the adsorption
capacity of the PLR increased with increasing of the
temperature from 25 to 45˚C; the higher temperature
is to the advantage of adsorption and that the
adsorption is an endothermic reaction.

3.1.2. Adsorption kinetics

Kinetics models are used to reflect a relationship
between the adsorption rate and equilibrium time.
Adsorption kinetics data were analyzed by the
two most widely used kinetic models, i.e. the pseudo-
first-order [63] and pseudo-second-order [64] model.
The non-linear forms of the two models can be
expressed as:

qt ¼ qeð1� e�k1tÞ (1)

qt ¼ q2ek2t

1þ qek2t
(2)

where qt is the amount of dye adsorbed per unit of
adsorbent (mg/g) at time t, k1 is the pseudo-first-order
rate constant (min−1), and t is the treatment time
(min). The adsorption rate constant (k1) was calculated
from the plot of log (qe − qt) against t. k2 is the
pseudo-second-order rate constant (gmg−1 min−1). The
qe and k2 can be obtained by linear plot of t/qt vs. t.

The comparison of different kinetic models for the
adsorption of CR onto PLR at different initial concen-
trations was conducted; all kinetic parameters and
correlation coefficients are listed in Table 3. It can be
seen that the calculated adsorption capacity qe (cal.) for
pseudo-second-order model was much more closer to
the experimental adsorption capacity qe (exp.) for various
CR concentrations confirming better applicability of
pseudo-second- order model compared to pseudo-first-
order model. These results are further confirmed by
higher regression coefficient (R2

2) values for pseudo-
second-order model compared to pseudo-first-order

Fig. 1. Effect of contact time on CR adsorption onto PLR.
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model (Table 3). Additionally, higher surface loadings
would result in lower diffusion efficiency and a high
competition of anionic dye for fixed reaction sites, con-
sequently, the value of rate constant k2 decreases with
increasing initial concentration.

The possibility of intra-particle diffusion was
explored by using the intra-particle diffusion model
[65] (Eq. (3)):

kt ¼ kit
1=2 þ I (3)

where ki and I are the intra-particle diffusion rate
constant (mg/g min1/2) and the intercept, respectively.
The plot of qt vs. t

1/2 produces the value of ki as the
slope and I as the intercept.

When diffusion makes a difference in adsorption,
qt − t1/2 curve will be a straight line. Even, the inter-
cept passes through the origin if intra-particle
diffusion is a rate determining step. But, when adsorp-
tion involves different mechanisms and speed
constants, qt − t1/2 are multi-linearity and for each
linear region with the correlation coefficient (r2)
approaching to unity.

The plots of intra-particle diffusion of CR on PLR
were given in Fig. 2. Parameters of intra-particle diffu-
sion model were listed in Table 4. Referring to Fig. 2,
three distinct linear regions were observed, showing
different adsorption mechanisms and speed constants
at different interval contact time.

The first part of the curve can be attributed to
mass transfer effects taking place with boundary layer
diffusion; in this process, the adsorption rate is very
high which is resulted from the film diffusion. As time
passed by, the rate of adsorption being slowed
down, the process of adsorption was controlled by
intra-particle diffusion. Finally, the plateau segment
indicates the equilibrium state for the adsorption
process. The equilibrium stage at the end was due to
the decrease in number of active sites available for the
adsorption as well as low concentration of CR in the
bulk solution.

The intercept did not cross the origin in any of the
test conditions, thus suggesting that intra-particle
diffusion was not the rate-limiting step.

The values of ki and I for various initial CR concen-
trations are presented in Table 4. As can be observed,
the intra-particle diffusion rate, ki increases with the
increase in initial CR concentration. This results from
higher number of CR molecules present in the solution
which largely attain the active sites on PLR surface.
The values of I also revealed the capaciousness of
thickness in boundary layer. As indicated in Table 4,
an increase in I values was observed with increase in
initial CR concentration. This attributes to greater effect
of the boundary layer on higher CR concentration.
Thus, thicker the boundary layer surrounding
adsorbent eventually higher the uptake of CR.

Table 3
Pseudo-first and pseudo–second order adsorption kinetic parameters for the adsorption of CR onto PLR

C0 (mg/L) qe(exp) (mg/g)

Lagergren-first-order Pseudo-second-order

qe(cal) (mg/g) k1 (1/min) R1
2 qe(cal) (mg/g) k2 (g mg−1 min−1) R2

2

80 30.39 6.85 0.0228 0.9467 30.77 0.0044 0.9999
100 35.87 9.44 0.0173 0.9522 36.36 0.0023 0.9997
120 39.88 11.71 0.0175 0.9662 40.49 0.0020 0.9994

Fig. 2. Intra-particle diffusion plots for CR adsorption onto
PLR.

Table 4
Intra-particle diffusion parameters for the adsorption of
CR onto PLR

C0 (mg/L) ki (mg/g min1/2) I R2

80 0.4689 23.364 0.982
100 0.6969 24.491 0.980
120 0.7987 26.692 0.992
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3.1.3. Adsorption isotherms

Equilibrium studies were performed to evaluate
the adsorption capacity of PLR at different tempera-
tures (25, 35, and 45˚C) at CR concentration of
100 mg/L. Langmuir [66] and Freundlich [67]
equations were applied to describe the adsorption
isotherm data by non-linear regression forms:

qe ¼ qmbce
1þ bce

(4)

qe ¼ KFc
1=n
e (5)

where Ce (mg/L) is CR equilibrium concentration
in the solution, qe (mg/g) is the adsorption capacity,
qm (mg/g) represents maximum amount of adsorption
required to form a homogeneous monolayer at the
ACCM, and kL (L/mg) denotes Langmuir constant to
give an account on adsorption energy. The intercept
and slope of the linear plot between Ce/qe vs. Ce give
Langmuir constant, kL and qm, respectively.

The calculated isotherm constants by non-linear
method are listed in Table 5. In terms of the correla-
tion coefficients R2 values, the experimental data could
be well-fitted to the Langmuir isotherm model rather
than the Freundlich model, indicating that the adsorp-
tion process occurred on the surface of PLR should be
monolayer adsorption with homogeneous sites. The
maximum adsorption capacities calculated by using
the Langmuir model were 45.662, 51.546, and
58.480 mg/g at 25, 35, and 45˚C. The value at 25˚C
was comparable to the adsorption capacities of some
other low-cost adsorbents for CR in Table 6. A
comparative evaluation of the adsorbent capacities of
various low-cost adsorbents for the adsorption of CR
is listed in Table 6. The adsorption capacities of PLR
in this study were not among the highest available but
a relatively high uptake capacity of CR which makes
the PLR suitable for removal of CR in wastewater
treatment.

3.1.4. Adsorption thermodynamics

In order to better study the adsorption
thermodynamics and effect of temperature on the
adsorption, thermodynamic parameters including
changes in the Gibbs free energy (ΔG0, kJ/mol),
enthalpy (ΔH0, kJ/mol), and entropy (ΔS0, kJ/(mol K))
during the adsorption process are determined by the
following equations [68]:

G0 ¼ �RT ln Kc (6)

lnKc ¼ �S0

R
��H0

RT
(7)

Kc ¼ qe
ce

(8)

where Kc is the adsorption scattered coefficients. CAE

is the amount of dye (mg) adsorbed on the adsorbent
in solution at equilibrium. CSE is the equilibrium con-
centration (mg L−1) of the dye in the solution. R is gas
constant (8.314 J/mol K); T is temperature of solution
(K). ΔH0 and ΔS0 can be determined from the linear
plot of ln Kc vs. 1/T.

Thermodynamic parameters were listed in Table 7.
The free energy changes (ΔG0) were negative, indicat-
ing the spontaneity and feasibility of the process.
More negative ΔG0 values at higher temperature
showed that an increase in temperature favored the

Table 5
Langmuir and Freundlich isotherm parameters for the
adsorption of CR onto PLR

Isotherms Parameters 25˚C 35˚C 45˚C

Langmuir Qm (mg/g) 45.662 51.546 58.480
KL (L/g) 0.249 0.357 1.089
R2 0.9962 0.9976 0.9969

Freundlich KF (mg/g)(L/mg)1/n 17.296 19.605 29.391
n 4.671 4.486 5.858
R2 0.8729 0.8681 0.8043

Table 6
Reported maximum adsorption capacities (Q0 in mg/g) in
the literature for CR obtained on low-cost adsorbents

Adsorbent
Adsorption capacity
Q0 (mg/g) Refs.

Deoiled soya 1083.33 [59]
Spent mushroom 147.1 [27]
Coal bottom ash 144.2 [59]
Activated carbons from

date pit
105 [24]

Hen feather 73.84 [36]
Ethylenediamine modified

wheat straw
68.6 [26]

Pyrolusite leaching
residue

45.66 This
study

Australian kaolin clay
ceram

7.27 [13]

Australian kaolin clay
K15GR

6.81 [13]

Australian kaolin clay Q38 5.44 [13]
Activated carbon from

coir pith
6.7 [25]

Waste red mud 4.05 [20]

3568 W. Shen et al. / Desalination and Water Treatment 52 (2014) 3564–3571



adsorption. The positive value of ΔH0 further
confirmed the endothermic nature of the adsorption.
Irregular increase of the randomness at the PLR-solu-
tion interface during adsorption was also confirmed
by the positive value of ΔS0.

3.2 Desorption and reuse

For the sustainability of adsorption process, studies
are carried out to evaluate the reuse potential of PLR.
From Fig. 3, two important conclusions could be
drawn. First, under all the concentrations, the amount
of CR adsorbed decreased with the increasing cycle
times. However, the decrease rate decreased with the
increasing NaOH concentration in eluent. After five
cycles, the removal capacity was decreased from 35.47
to 32.17 when 0.1 mol/L NaOH was used as eluent,
indicating that PLR can be reused and readily
recycled.

4. Conclusion

The present work showed that PLR was a
promising low-cost adsorbent to be used in the
removal of CR from aqueous solutions. Adsorption of
CR was found to increase with increasing in treatment

time and initial concentration. The adsorption system
followed pseudo-second-order kinetics. The rate of CR
uptake was found to be controlled by both external
mass transfer and intra-particle diffusion. The CR
uptake process was best described by the Langmuir
isotherm with maximum monolayer adsorption capac-
ity of 45.66 mg/g at 25˚C. Thermodynamic studies
showed CR adsorption onto the PLR was endothermic
and spontaneous in nature. The regeneration studies
showed that the PLR has good reuse performance. The
solution of 0.1 mol/L NaOH was suitable for regenera-
tion. These results revealed that the PLR could be
employed as a promising and effective adsorbent for
the removal of CR from aqueous solutions.
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