Available online at www.sciencedirect.com

Journal of
Hazardous
Materials

www.elsevier.com/locate/jhazmat

ScienceDirect

Journal of Hazardous Materials 153 (2008) 999-1008

Waste metal hydroxide sludge as adsorbent for a reactive dye
Silvia C.R. Santos, Vitor J.P. Vilar, Rui A.R. Boaventura*

LSRE-Laboratory of Separation and Reaction Engineering, Departamento de Engenharia Quimica, Faculdade de
Engenharia da Universidade do Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal

Received 11 July 2007; received in revised form 9 September 2007; accepted 14 September 2007
Available online 18 September 2007

Abstract

An industrial waste sludge mainly composed by metal hydroxides was used as a low-cost adsorbent for removing a reactive textile dye (Remazol
Brilliant Blue) in solution. Characterization of this waste material included chemical composition, pHzpc determination, particle size distribution,
physical textural properties and metals mobility under different pH conditions. Dye adsorption equilibrium isotherms were determined at 25 and
35°C and pH of 4, 7 and 10 revealing reasonably fits to Langmuir and Freundlich models. At 25 °C and pH 7, Langmuir fit indicates a maximum
adsorption capacity of 91.0 mg/g. An adsorptive ion-exchange mechanism was identified from desorption studies. Batch kinetic experiments
were also conducted at different initial dye concentration, temperature, adsorbent dosage and pH. A pseudo-second-order model showed good
agreement with experimental data. LDF approximation model was used to estimate homogeneous solid diffusion coefficients and the effective pore
diffusivities. Additionally, a simulated real effluent containing the selected dye, salts and dyeing auxiliary chemicals, was also used in equilibrium

and kinetic experiments and the adsorption performance was compared with aqueous dye solutions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Dyeing operation in textile industries uses large amounts of
water and generates high volumes of coloured wastewaters. A
fair estimative of dye losses to the environment is about 1-2%
during their production and 1-10% in their use [1]. Improper dis-
posal of coloured wastewaters cause aesthetic problems, draws
the public and authorities attention and may cause toxic effects
to aquatic life.

Textile dyeing effluents are composed by complex mixtures
of dyes, auxiliary chemicals, salts, acids, bases, organochlori-
nated compounds and occasionally heavy metals [2]. Colour
removal is, however, one of the main problems in the treatment
of this kind of effluents, due to dye resistance to biodegradabil-
ity, light, heat and oxidizing agents [3]. Traditional treatments
involving biological and coagulation/flocculation methods are
generally ineffective for total colour removal. A wide range
of other methods has been developed, like adsorption on
organic and inorganic matrices, photocatalysis, chemical oxi-
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dation, microbiological or enzymatic decomposition, etc. [4].
The removal of synthetic dyes from wastewaters is especially
difficult when reactive dyes are present, for which conventional
wastewater treatment plants give a low removal efficiency [5].
Dyeing withreactive dyes, mostly applied to cellulosic fibres like
cotton, consists in the formation of a covalent bond between the
dye and the fibre, under alkaline pH conditions and high tem-
peratures. The hydrolysis of the dye also occurs as a secondary
reaction leading to a low degree of fixation on the fibre and
considerable losses of the hydrolysed dye in the effluent.
Adsorption onto solid materials has been viewed as a pro-
cedure of choice [6] on dye removal since it is an effective
and economic physical method that could allow a complete
decolourization of the wastewaters and their possible reuse.
Activated carbon is a widely used and effective adsorbent, but
the use is limited by the high costs associated with its regen-
eration or replacement. Literature reports several studies about
the preparation of activated carbons from solid wastes and its
application on dyes removal [7,8]. Low-cost materials, in their
natural and modified forms, have been also extensively studied
as alternative adsorbents for dyes [9-12]. In the present study,
the reutilization of a waste sludge before disposal was evaluated
for the adsorption of a reactive dye. This kind of waste material
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is generated by alkalinisation and consequent precipitation of
the metals present in the effluents of electroplating industries
and is generally composed by monomeric and polymeric metal
hydroxides and salts. Few studies using waste metal hydrox-
ide sludges as potential adsorbents have been reported in the
literature. Waste Fe(III)/Cr(III) hydroxide was used for Congo
Red direct dye adsorption leading to a maximum removal of
91% at pH 3 [13]. The low desorption observed indicated ion-
exchange as the main process involved. Netpradit et al. [14,15]
investigated reactive dyes removal by electroplating industry
hydroxide sludge and obtained maximum adsorption capaci-
ties of 45.87 mg/g (for Reactive Red 120) and 61.73 mg/g (for
Reactive Red 2) at 30°C and pH 8-9. The researchers found
out that the pH played an important effect on the adsorption
and formation of dye—metal complexes. Another study refers
to electrocoagulated metal hydroxide sludge, generated during
the removal of Cr3* using Al electrode, as an attractive adsor-
bent for Congo Red, reporting maximum adsorption capacities
of 270.8 mg/g, at 30 °C and initial pH of 10.4, and 512.7 mg/g,
for initial pH of 3.0 [16].

In the present work, waste metal hydroxide sludge was used
for an experimental and modelling study on the adsorption equi-
librium and kinetics of a reactive dye (Remazol Brilliant Blue).
A simulated real effluent was also tested in the perspective of an
industrial application of the process.

2. Materials and methods
2.1. Adsorbent preparation and characterization

A metal hydroxide sludge generated in a Portuguese zinc
electroplating industry by alkaline precipitation of the metal
ions present in wastewater was used as adsorbent. The sludge
was firstly dried at room temperature, disaggregated, sieved in
different ranges of particle sizes and dried at 105 °C overnight.
The fraction 0.150-0.300 mm was selected to be further used in
the experiments.

Chemical composition of the waste sludge was determined
by X-ray fluorescence (XRF). Total organic carbon in the solid
phase was measured according to EN 13137 and size distribution
of the particles in the selected range was determined in a Counter
Coulter LS Particle Size Analyser. Mercury porosimetry and
helium picnometry were used to measure physical properties of
the adsorbent.

The pH value at the zero point of charge on the surface
(pHzpc) was estimated by the mass titration method proposed
by Noh and Schwarz [17]. Fifty milliliter of 0.01 mol/L. NaCl
aqueous solutions at different initial pH values (adjusted with
NaOH or HCI) were stirred with 0.150 g of waste sludge in
closed Erlenmeyer flasks for 2 days at room temperature. Equi-
librium pH values were then measured and pHzpc determined
as the initial pH that equals final pH. Blank tests were done to
take into account the possible effect of CO, from air.

Since sludges produced by physicochemical treatment of
electroplating industries wastewaters are potentially eco-toxic
residues (EC norm 94/904), leaching experiments were per-
formed to evaluate the mobility of some metal species. The dried

waste sludge (1 g/L) was stirred with ultra-pure water at differ-
ent pH conditions. Initial pH values were in the range 2—11 and
then pH was let to natural evolution during the contact time
with the waste sludge. Another experiment was done at con-
stant pH of 4 by adjusting pH when necessary. After 24 h of
contact, liquid and solid phases were separated by centrifuga-
tion, pH was measured and metal concentrations determined by
atomic absorption spectrometry (GBC 932 Plus Atomic Absorp-
tion Spectrometer).

2.2. Adsorbate

Remazol Brilliant Blue R Special, designated hereafter as
RB, was selected for this study. It is a reactive textile dye, kindly
supplied by DyStar (Portugal), which was used in its commercial
form. Table 1 presents its chemical and physical properties.

2.2.1. Aqueous dye solutions preparation

In order to obtain hydrolysed RB aqueous solutions, the
desired amount of the dye was dissolved in warm distilled water.
Two grams per liter of NaOH was added and solution was let to
boil for 20 min. After cooling, pH was adjusted and volume was
accurately made up.

2.2.2. Simulated real effluent preparation

A simulated real effluent was also prepared and used in some
adsorption experiments to evaluate the effect of the presence
of dyeing process auxiliaries and salts on the adsorption per-
formance. Its preparation involved a first step where a dye bath
with RB was simulated based on a standard exhaust procedure of
non mercerised cotton as suggested by the dye supplier: 50 g/L
of NaCl were dissolved in warm tap water and 1.0 g/L of each
of the auxiliaries Sera Wet C-AS (anionic wetting agent), Sera
Lube M-CF (a nonionic nature crease inhibitor and lubrificant
agent) and Sera Quest M-PP (anionic sequestrant) were added.
The desired amount of RB dye (about 170 mg/L for the equilib-
rium study and 200 mg/L for the kinetic experiment) was then
carefully dissolved at 60 °C for 20 min. Two grams per liter of
NaOH and 10.0 g/L of Na,CO3 were added and the solution

Table 1
Physical and chemical properties of RB dye

Commercial name
Generic name
Chemical class

Remazol Brilliant Blue R Special
C.I. Reactive Blue 19
Anthraquinone

O NH,
Powder

o HN
: S0,CH,CH,0S0O4Na
Biodegradability <10%

Toxicity to fishes, CL50 500-1000 mg/L (48 h, Oryzias latipes)
Amax (nm) 593
COD (mg O,/g) 1250

Chemical structure

Physical state
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was maintained at constant temperature for 1 h more. Taking in
account the dyeing process and the following rinse and soften-
ing baths steps industrially used, an estimated dilution of the dye
bath in the final effluent by a factor of eight was considered fair.
Using this hypothesis, the prepared dye bath was then accurately
diluted for use in adsorption experiments.

2.2.3. Analytical method

RB dye concentrations were determined by spectrometry at
the wavelength of maximum absorbance, 593 nm, in a Helius
Alpha Unicam Spectrophotometer. A calibration curve was
determined and its application was verified in the pH range of
3.5-10.5. The simulated RB effluent proved to follow the same
calibration.

2.3. Adsorption equilibrium studies

2.3.1. Effect of initial pH

Batch adsorption experiments were conducted using the
waste sludge as adsorbent and the RB dye in aqueous solution
as adsorbate. A first set of runs were carried out to study the
influence of initial and equilibrium pH on the amount of RB
adsorbed. Experiments were conducted in duplicate, using an
initial concentration of about 200 mg/L, an adsorbent dosage of
1.0 g/L and different values of initial solution pH between 2 and
11 (with no adjustments during the contact time). After 24 h of
shaking (enough to equilibrium attainment), samples were taken
out, centrifuged at 13,400 rpm (Mini Spin Eppendorff), equilib-
rium dye concentration in the liquid phase (Ceq) was determined
by absorbance measurement and the adsorbed amount in the
solid phase (geq) calculated by mass balance between the two
phases. Final pH was recorded.

2.3.2. Isotherms

Adsorption equilibrium isotherms were determined at 25 °C
for pH values of 4, 7 and 10, and at 35°C at pH 7 using RB
aqueous solutions. One hundred milliliter of dye solution at
the required pH were magnetically stirred with different adsor-
bent dosages in Erlenmeyer closed flasks. pH adjustments were
made when necessary to maintain a constant value, but avoiding
significant changes in liquid volume. Equilibrium dye concen-
trations in the liquid and in the adsorbent were then determined.
In order to compare the effect of the auxiliary dyeing products,
the temperature and pH conditions of 25 °C and 7 were also used

to establish the equilibrium isotherm of RB dye present in the
simulated effluent.

2.4. Desorption studies

In order to evaluate the mechanism involved in RB adsorp-
tion by the waste sludge, some desorption experiments were
carried out under different pH conditions. The waste sludge
loaded with 70.2 mg/g of RB dye was shaken with distilled water
(0.20 g/50 mL) at initial pH of 2, 7, 9 and 11.5. After a contact
time of 24 h, the percentage of the dye desorbed from the sludge
was determined.

2.5. Adsorption kinetic studies

Adsorption dynamic experiments were performed under dif-
ferent conditions of temperature, initial dye concentration, waste
sludge dosage and pH, according to Table 2. A volume of 0.5L
dye solution was continuously stirred at 300 rpm with the pre-
established dosages of adsorbent, under constant temperature.
Initial pH was adjusted with HC1 or NaOH and readjusted when
necessary. Samples were taken out regularly, centrifuged and
the concentration evolution in the liquid phase was recorded.
Equilibrium was considered to be achieved when no significant
changes in dye concentration were detected.

3. Results
3.1. Characterization of the metal hydroxide sludge

Table 3 presents the chemical composition of the waste sludge
obtained by XRF. The main elements are iron (26%) and zinc
(21%), followed by sodium and chromium. The low organic con-
tent obtained (2.4%) indicates an essentially inorganic matrix
material.

Particle size distribution (not shown) gives a mean particle
size of 0.258 mm (on the basis of a volume criterion). Physical
properties of the waste sludge obtained by mercury porosimetry
and helium picnometry are given in Table 4. Results show the
presence of mesopores and macropores and an average pore
diameter of 32.3nm. High values of porosity (>50%) were
achieved. Possible agglomeration of finer particles in the waste
sludge creates inter-particle spaces that could be accounted for
intraparticle spaces.

Table 2

Experimental conditions used in the kinetic adsorption study

Run Adsorbate solution Cop (mg/L) m/v (g/L) pH T(°C)

A 200 1.0 7.0 £0.2 25.0 £ 0.5
B 200 1.0 7.0 £0.2 350 £ 0.5
C Distilled 36 1.0 7.0 £0.2 25.0+ 0.5
D wa{ter+d o 100 1.0 7.0 £0.2 25.0 £ 0.5
E Y 200 1.0 40403 250 £ 05
F 200 1.0 10.0 £ 0.3 25.0 £ 0.5
G 200 5.0 7.0 £0.2 25.0 £ 0.5
H Simulated effluent 200 1.0 7.0 £ 0.2 250 £ 0.5
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Table 3
Chemical composition (determined by XRF) of the waste sludge
wiw (%) w/w (%)

Si 1.17 Ti 0.05
Al 0.36 P 0.03
Fe 26.42 Ba 0.02
Mn 0.21 Ni 0.05
Ca 0.25 Zn 21.37
Mg 0.13 Cr 2.50
Na 4.47 Pb 0.01
K 0.28 LI*? 29.06

Oxygen not included.
2 Loss on ignition.

Table 4
Textural physical properties of the waste sludge

Hg porosimetry He picnometry

Mean diameter (nm) 32.3
Apparent density (g/cm?) 1.4
Real density (g/cm?) 2.8
Intraparticle porosity (%) 51.3
Total porosity (%) 52.2 51.5

Fig. 1 presents the results obtained in the determination of
pHzpc of the waste sludge. pHzpc is the required pH value to
give a zero net surface charge on the adsorbent. The ampho-
teric behaviour of the hydroxide sludge was shown by the
decrease in pH due to OH™ adsorption when initial pH value
was higher than 6.8 and by the increase in pH when a lower
than 6.8 initial pH was used. pHzpc was then estimated as
6.8.

The liquid phase obtained in leaching experiments at differ-
ent pH conditions was analyzed in terms of problematic metals
and the results are shown in Table 5. In very strong acidic con-
ditions leaching occurs in a great extent (more than 70% of the
zinc and manganese and more than 60% of the iron was trans-
ferred to the liquid phase). As the initial pH increases, the trend
is to decrease the concentration of the ions transferred to the
aqueous solution. An experiment under constant pH of 4 was
done and showed that the evolution of pH along time affects the
amount of metals transferred to the solution. At constant pH 4,
the zinc concentration was about 15 times greater than at initial

13.0

11.0 4
9.0
7.0

3.0

Final pH

pH zpc = 6.8

1.0 T T T T T
1.0 3.0 5.0 7.0 9.0 11.0 13.0

Initial pH

Fig. 1. Experimental determination of pHzpc.

Table 5

Leached metals concentrations obtained for different pH conditions

Initial pH  Final pH  Metals (mg/L)

Zn Fe Cr Cu Mn Ni

2.0 22 155 158 7.46 1.04 1.55 0.15
4.0 6.8 12.3 459 <0.08 <0.04 0.28 <0.06
4.0 4.0 99.8 2.86 <0.08 0.38 0.67 0.15
5.0 7.0 7.30 0.66 <0.08 <0.04 <035 <0.06
7.0 6.8 6.61 234 <0.08 <0.04 <035 <0.06
8.0 7.2 8.10 270 <0.08 <0.04 <035 <0.06

10.0 8.3 2.53 371 <0.08 <0.04 <035 <0.06

11.0 11.3 5.82 874 <0.08 <0.04 <035 <0.06

2 pH adjustments were made to maintain a constant pH of 4.0 £ 0.3.

pH 4. Portuguese legislation for wastewaters discharge estab-
lishes the following limits to metal concentrations: 2.0 mg/L for
total chromium and nickel and 1.0 mg/L for total copper. No
limit is indicated for zinc, iron or manganese. For initial pH
above 2, metal concentrations in the liquid phase respect the
pre-established discharge limits, but a considerable leaching of
zinc occurs when pH is below 5 (Table 5). As adsorption is usu-
ally viewed as a tertiary treatment, pH of the previously treated
effluents is generally neutral and, in these conditions, leaching
from the sludge is insignificant and a safe discharge is achieved
when using this adsorbent.

3.2. Adsorption equilibrium studies

3.2.1. Effect of initial pH

The effect of initial and equilibrium pH on the amount of dye
adsorbed using constant initial dye concentration and adsorbent
dosage is shown in Fig. 2. It can be seen that the increase in initial
pH values leads to a decrease in the adsorption extent, which is
more visible in the ranges 2-5 and 9-11. Between 5.0 and 9.0,
the effect of initial pH is not much significant when the pH
evolution is very close to pH values at equilibrium. Maximum
adsorbed amount (176 mg/g) was achieved at pH 2 and minimum
adsorbed amount (20.3 mg/g) was obtained at pH 11. This kind
of behaviour, extensively reported in literature, is the result of
the effect of pH on the surface charge of the adsorbent, where

200 —8— Effect of initial pH
L —— Effect of equilibrium pH
150
&
2 100
50
0 T T T T 1
2.0 4.0 6.0 8.0 10.0 12.0
pH

Fig. 2. Effect of the initial and equilibrium solution pH on the amount of RB
dye adsorbed (initial dye concentration ~ 200 mg/L, T=25 °C).
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acidic conditions develop a positive charge resulting in higher
adsorption of anionic species. Below pHzpc (6.8), favourable
positive charge conditions occur for the adsorption of negatively
charged species. An identical behaviour was reported for the
removal of Congo Red by electrocoagulated metals hydroxide
sludge, which showed a marked increase of the removal as the
pH decreased [16]. A different behaviour, where a maximum
removal was achieved at pH 8-9, near pHzpc, was also reported
[14].

3.2.2. Equilibrium isotherms

Adsorption isotherms of RB dye onto the waste sludge
are illustrated in Fig. 3. The experimental data were fitted to
Langmuir and Freundlich models. Langmuir isotherm [18] is
expressed by:

_ Omax KLCeq

= 1
qeq 1+ K.Ceq (D

where Qnax is the maximum adsorption capacity, correspond-
ing to a monolayer coverage and Kp, is the Langmuir constant
related to the energy of adsorption. Freundlich isotherm [19] is
represented by:

deq = KFC;én 2)

where Kr and 1/n are the model parameters related to
the adsorption capacity and adsorption intensity, respectively.
Experimental results were fitted to Eqs. (1) and (2) by nonlinear
regression, using the software Fig. P from Biosoft. The obtained
values of the parameters and the statistical data are given in
Table 6. The determination coefficients (R?) suggest that a better
fit was obtained using the Langmuir model. However, the F-test
is a more suitable tool to compare the applicability of both mod-
els. The values of F, calculated as the ratio between the variances
of the two models, are always below the tabulated F-value for
95% confidence level, indicating that both models can be used to
describe the experimental data because they are not statistically
different. Fig. 3a shows the effect of temperature on the amount
of dye adsorbed at pH 7. We can observe that temperature does
not significantly affect the extent of adsorption in the range usu-
ally found in effluents from textile dyeing industries (25-35 °C).
Fig. 3b shows the effect of pH on the adsorption capacity for
T=25°C. The maximum adsorption capacity given by the Lang-
muir fitting is 275 mg/g at pH 4, about three times greater than the
capacity obtained at neutral conditions (91.0 mg/g). At constant
pH 10, the uptake capacity is much lower. It is also evident from

(a) 1000 -
®25°C A35°C
75.0
A A
= A ?
e e
E 500 ==
= A
25.0 4
0.0 T T T 1
0.0 40.0 80.0 120.0 160.0
Ceq (mg/L)
(b) 250.0
ApH4epH7 ¢pH 10
200.0
A
. A
L6 150.0 4
=)
£ A
4]
S 100.0
500 /4
0.0 . T T ‘
0.0 40.0 80.0 120.0 160.0
Ceq (mg/L)
(c) 1000 -
@ Distilled water + RB dye
7504 A Simulated effluent i
—_ L =
=)
& )
E 5004 e
250{ ¢ -
0.0 T T T 1
0.0 40.0 80.0 120.0 160.0

Coq(mg/L)

Fig. 3. Equilibrium adsorption isotherms. (a) RB in aqueous solution, pH 7,
T=25 and 35°C; (b) RB in aqueous solution, 25 °C, different pH values; (c)
RB in aqueous solution and simulated effluent, 25 °C, pH 7; Langmuir (—) and
Freundlich (- - - -) models.

Fig. 3b the decrease of the dye affinity to the surface (given by
the slope of the isotherm curve at low dye concentration) when
pH increases. The comparison between the use of a simple dye
aqueous solution and a simulated textile effluent is illustrated in

Table 6
Equilibrium isotherms modelling: parameters (+standard error) and statistical data
TC0O) pH Langmuir Freundlich Fealc Fo=005
Omax (Mg/g) KL x10°(Limg) R Kp (mg/g/mg/L)!™")  n R?
25 7 91 +6 2.10 £ 0.38 0.96 7.6 £ 09 22 £0.1 0.98 22 34
35 7 97 £ 15 1.94 £ 0.74 0.90 8.1 +4.0 23+ 0.6 0.83 1.7 5.1
25 4 275 + 45 1.95 £ 0.68 0.94 16.5 £ 7.9 1.9 £ 04 0.87 2.0 5.1
25 10 22+5 2.81 £ 1.70 0.72 25+ 1.6 25+09 0.66 1.2 43
25 7? 31+3 5.06 £ 1.92 0.81 85+32 42+ 1.6 0.67 1.7 5.1

2 Simulated effluent.
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Fig. 3c. At25 °C and pH 7, the isotherm of the simulated effluent
indicates a marked decrease in the affinity of the dye by the adsor-
bent and in the amount of dye adsorbed, corresponding to a 66%
reduction of the maximum adsorption capacity. The presence of
salts, like NapCO3 and NaCl, and auxiliary dyeing chemicals,
affects negatively the adsorption. The coverage of the adsorbent
surface, the possible blockage of pores and the possibility of
existing competition (among dye and wetting anionic species
and the sequestrant agents, for example) could explain this
observation.

Few materials have been tested and reported in literature as
adsorbents for Reactive Blue 19 dye. Igbal and Saeed [20] eval-
uated fungal biomass (Phanerochaete chrysosporium) in free
and in loofa sponge immobilized states and obtained Lang-
muir maximum adsorption capacities of 80.91 and 98.80 mg/g,
respectively, at pH 2.0 and 30 °C. In other study, using wheat
bran as adsorbent, uptake capacities of 97.1 mg/g (20°C) and
117.7mg/g (60°C) were obtained at pH 1.5 [21]. A DTMA
bromide—modified bentonite revealed also good adsorption
capacities, 3.30 x 10~% mol/g (about 207 mg/g), at pH 1.5 and
temperature of 20°C [22]. In the present study, the maxi-
mum adsorption capacity at pH 4 (275 mg/g) is greater than
those values reported in literature. It is important to point out
that the strong acidic pH conditions are the most favourable
to the adsorption extent but have a limited interest from a
practical point of view, as textile dyeing effluents are usually
alkaline.

3.3. Desorption studies

Fig. 4 shows the results obtained in desorption experiments
using RB-loaded waste sludge. It was found that under acidic
and neutral pH, low desorption occurred (3—10%) suggesting
no predominance of weak physical bonds. Using strong alkaline
conditions more than 50% of the adsorbed dye was further des-
orbed confirming the ion-exchange as the main process related
with RB adsorption [23]. Since about of 44% of the dye still
remained in the solid phase even at pH of 11.5, strong chem-
ical bonds could be probably also involved in adsorption. Ion
exchange has been reported as the main mechanism involved
in the adsorption of reactive and direct dyes onto this kind of
material [14,16].

60 7
g 40
&
2
L
Q -
N 20
9.9 9.4
Z 8 N
0 T T T 1

2.1-5.1 7.0-6.9 9.1-7.0 11.5-11.1

Initial pH - Final pH

Fig.4. RB desorption from saturated waste sludge under different pH conditions.

3.4. Kinetic studies

3.4.1. Modelling

Several models have been used to describe adsorption kinet-
ics, but pseudo-first and pseudo-second-order models are the
most common. Pseudo-first-order rate model or Langergren and
Svenska model [24] is given by:
Y e~ 0 )
where g and geq are the concentrations of the adsorbate on the
solid phase per adsorbent mass unity at time ¢ and at equilibrium,
respectively, and & is the rate constant. Integrating Eq. (3) with
the boundary conditions =0, g =0 and =1, g = g, the following
expression is obtained:

g = geql[l — exp(—k11)] )
The pseudo-second-order rate model is expressed by [25]:

dg 2
E = kz(‘qu - q) (5)
where k> is the rate constant. The integration of Eq. (5) with the

same boundary conditions (=0, g=0; t=t, g=¢q), gives:

k2Qth

— e 6
Qeql + kadeqt (6)

q
Although the pseudo-first and pseudo-second-order models
generally describe the adsorption process, these models are
useless for the determination of the adsorption mechanism.
Adsorption kinetics depends on a multi-step process involving
the transport of the adsorbate from the bulk solution, diffusion
in the external film to the surface of the adsorbent, intraparticle
diffusion in the pores and in the solid phase and finally adsorp-
tion on the sites. In well stirred batch systems, it is likely that the
intraparticle diffusion is the rate controlling step. Linear driving
force (LDF) approximation [26] assumes that the uptake of the
adsorbate is linearly proportional to a driving force defined as
the difference between the adsorbed amount at the surface (g;)
and the average adsorbed amount in the adsorbent (g):
% = kLpF(gs — q) (7N
The overall mass balance for batch adsorption experiments
is given by:

g=(Co—O)~ ®)
m

where Cyp and C are the dye concentrations in the liquid phase
at the r=0 and at time ¢, respectively, and m /v is the adsorbent
dosage.

The adsorbed amount at the surface of the adsorbent is in
equilibrium with the bulk concentration is assumed to be given
by Langmuir isotherm:

_ QmaxKLC

- 9
=11 k.C ©
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Substituting Egs. (8) and (9) in Eq. (7) and introducing the

dimensionless variables

C
g= Qo2 (10)
Co v Co
an ordinary differential is obtained:
y §K1L.Co
— +k ————— 4+ 1] y=k 11
dt+ LDF<1+KLCOy+ >y LDFdp (11

Eq. (11) has an analytical solution for the limit conditions =0,
y=1andt=t,y=y, in the form of time (#) versus dimensionless
concentration (y), given by [27]:

1005
E—1+4 b po 1
a = _ , = ,
K1.Co K1.Co
_ —a+~a*+4b ﬂ_—a—«/a2+4b (13)
- 2 ’ - 2

Homogeneous solid diffusion model (HSDM) was devel-
oped for homogeneous particles, but has been applied to porous
particles in several adsorption systems [27-29]. Supposing a
parabolic profile of dye concentration as a function of radial

position inside the particle, the following expression is obtained
from HSDM model:

dg 15Dy
1 1 24ay—b a 1 = (g — 14
t=——< —1n i +(1_7) — | In ot R2 (qﬁ C]) ( )
kipr | 2b a—b+1 2b oa—p
[(1 - By — (x)} } Conjugating Eq. (14) with Eq. (7), we get:
x |- PR (12)
LDF = —(5
where R2
(b) 1000
4 C0=36 myL & CO=100 mg/L ® C0O=200 my/L
75.0
e
=D
E 500
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Fig. 5. Experimental data and pseudo-second-order modelling of RB adsorption kinetics. Effect of (a) temperature (runs A and B); (b) initial dye concentration (runs
A, C and D); (c) pH (runs A, E and F); (d) adsorbent dosage (runs A and G) and (e) chemicals in the simulated effluent (runs A and H).
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Fig. 6. LDF approximation modelling of RB adsorption kinetics.

Eq. (15) allows estimating the homogeneous diffusion coeffi-
cient, Dy,.

Considering the diffusion into the pores of the adsorbent, the
effective pore diffusivity (Dpc) can be calculated from [30]:

-QDPe

S A 16
psR? Ag/AC (10

kLpr =
where £2 is a constant related to the geometric shape of particles
(15 for spherical particles) and Ag/AC is the mean slope of the
equilibrium isotherm.

Kinetic results are presented in Figs. 5 and 6. The removal
of RB is fast in the first hour (more than 72% of the maximum
adsorbed amount was attained for all experiments) and then a
slow gradual removal of the dye still occurs up to adsorbent
saturation in about 10h. For the experiments conducted at pH
10 and the experiment carried out with the simulated effluent, no
significant changes in the liquid phase dye concentration were
detected after the first hour and so equilibrium was assumed to
be achieved.

The experimental data were fitted to the pseudo-first and
pseudo-second-order models, Eqs. (4) and (6), and the obtained
parameters are given in Table 7. Taking into account the R?
values, both models provided good adjustment to the kinetic
data. F-test indicates no statistical difference between the per-
formance of the two models for experiments B, C, F and H but a
clearly better performance of pseudo-second-order model in the
case of runs A, D, E and G. Therefore, the pseudo-second-order
model seems to describe more appropriately the RB adsorption

Table 7
Adsorption kinetic modelling: parameters (£standard error) and statistical data

Table 8
LDF approximation fit parameter and homogeneous solid and effective pore
diffusion coefficients

Run LDF Dy, (cm?/s) Dpe (cm?/s)
kLpp (min~!) R?

A 0.145 0.97 2.68 x 1078 7.27x107°

B 0.157 0.93 2.89 x 10~8 3.97 x 107°

C 0.024 0.97 442 x107° 1.12x 107

D 0.095 0.92 222x1078 3.21x 107

G 0.140 0.95 2.59 x 1073 1.54 x 1073

kinetics. Fig. 5 shows the predicted pseudo-second-order curves
for all the kinetic experiments.

LDF approximation model, Eq. (12), was also fitted to
the experimental data for different initial dye concentrations,
temperature and adsorbent dosages (runs A—D and G), by mini-
mizing the sum of residuals between experimental and predicted
curves. Fig. 6 shows, as an illustrative example, the LDF pre-
dicted curves for different initial dye concentrations. Egs. (15)
and (16) were further used to calculate the homogeneous diffu-
sion coefficient and the effective pore diffusivity (Table 8).

3.4.2. Temperature effect

Fig. 5a shows the effect of temperature on the dynamic
adsorption data of RB by the waste sludge. Temperature is
known to have an enhancement effect on adsorption dynamics
due to the increased rate of diffusion across the external (here
neglected) and internal pores of the adsorbent. Diffusivity val-
ues (Table 8) indicate a slightly higher Dy, but a lower Dp, for
35°C than for 25 °C.

3.4.3. Initial dye concentration effect

Initial dye concentration influence on adsorption dynamics
is shown in Fig. 5b. Raising the initial RB concentration from
36 to 200 mg/L the adsorbent capacity increased from 27.3 to
74.3 mg/g. The pseudo-second-order rate constant, k», decreased
almost linearly with the initial concentration increase, show-
ing that the process is highly concentration dependent. The
homogeneous diffusion coefficient increased with the initial
dye concentration due to the increase in surface coverage. A
similar trend was reported in adsorption of basic dyes by gran-
ular activated carbon and zeolite [31], where a linear effect
was observed. Effective pore diffusivity however does not show

Run Pseudo-first order Pseudo-second order Fealc Fo-00s5
ki x 10?2 (min™!)  geq (mglg) R? ka x 103 (g/mg/min)  geq (mg/g) R? Tinitial (Mg/g/min)
A 33+04 68.9 + 2.1 0.97 0.65 + 0.06 743 £ 1.2 0.99 3.61 44 3.0
B 53+£0.6 615+ 14 0.97 1.2 +02 65.8 £ 1.9 0.97 5.15 1.2 3.0
C 4.6 + 0.6 25.7 £ 0.6 0.98 2.6 £04 27.3 £ 0.6 0.99 1.97 1.7 32
D 5.8 £ 0.8 50.7 £ 1.1 0.97 1.7 £ 0.1 539+ 04 1.0 4.82 11.0 3.0
E 29 +0.3 152 +£3 0.98 0.28 + 0.01 164 £1 1.0 7.42 23.0 3.0
F 22.8 £4.0 159+ 0.3 0.99 54 + 29 16.1 £ 04 1.0 14.08 1.2 4.3
G 7.5+ 0.8 33.1 £ 0.5 0.98 3.7+02 347 £ 0.2 1.0 4.39 16.2 3.0
H 9.1 £ 1.0 24.8 £ 0.5 0.98 7.1 £0.1 259 £ 0.5 0.98 4.74 1.2 3.0
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a consistent behaviour with the initial concentration since it
increased in the concentration range 36—100 mg/L but decreased
in the range 100-200 mg/L. This phenomenon may be due to
collisions between dye molecules or agglomeration at high con-
centrations in the bulk solution and increase in the resistance
within particles [32].

3.4.4. Adsorbent dosage effect

Fig. 5c compares dynamic adsorption curves at different
adsorbent dosages for constant initial dye concentration, pH
and temperature. Using a dosage of 5.0 g/L. the amount of dye
adsorbed at equilibrium per gram of adsorbent is about half the
amount adsorbed using 1.0 g/L, as could be seen in experimen-
tal and predicted results. The decrease in adsorbed amount at
equilibrium when increasing the waste sludge dosage is due to
the unsaturated adsorption sites that remain during the adsorp-
tion process [33]. Homogeneous diffusivity values obtained for
the two adsorbent dosages are almost similar; a slightly lower
value was obtained for the higher dosage. Decreasing adsorbent
mass, the slope of the operation line increases while the slope
of the adsorption isotherm at the final equilibrium concentration
decreases and the surface coverage increases [28].

3.4.5. pH effect

Studies on the effect of pH (Fig. 5d) indicate a low adsorbed
amount at pH 10, almost (90%) attained in the first 10 min.
The initial adsorption rates (7initial), calculated from the pseudo-
second-order equation, are 7.42, 3.61 and 14.1mgg~! min~!,
respectively, for pH 4, 7 and 10.

3.4.6. Simulated effluent

The effect of using a simulated RB effluent is illustrated in
Fig. Se. The initial adsorption rate is greater when using the sim-
ulated effluent (Table 7) and after 1 h contact time the adsorbent
is already saturated. Nevertheless, for the RB solution prepared
with distilled water, the maximum uptake capacity is about three
times higher, which is in accordance with the equilibrium results.

4. Conclusions

The influence of temperature, pH and the presence of dyeing
auxiliary chemicals and salts on the removal Remazol Blue reac-
tive dye in aqueous solution by a waste metal hydroxide sludge
was evaluated.

Equilibrium data were well described by both Langmuir
and Freundlich models. The maximum adsorption capacities
obtained varied between 275 mg/g (at 25°C and pH 4) and
21.9 mg/g (at 25 °C and pH 10). When a simulated textile efflu-
ent was used as adsorbate, a decrease in the adsorption capacity
from 91.0 to 31.0 mg/g was observed. Desorption studies sug-
gested that strong chemical bonds, namely ion-exchange, are
involved in the adsorption process.

Kinetic data were adequately fitted by the pseudo-
second-order kinetic model. Homogeneous and pore effective
diffusivities of the reactive dye in the adsorbent particles were
estimated by fitting kinetic data to LDF approximation model
and homogeneous solid diffusion model (HSDM).

The waste metal hydroxide sludge showed to be an interesting
adsorbent for Remazol Blue but its performance is worse when
treating textile dyeing effluents. The metal constituents of the
sludge are not leached for pH > 4.
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