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ABSTRACT

As-prepared activated carbons (ACs) were utilized as an adsorbent for removal of Cr (VI) ions from
aqueous solution. The effects of different operating parameters such as adsorbent dosage, pH, contact
time, initial Cr (VI) concentration and temperature were conducted by batch experiments. According
to experimental results, the equilibrium time, the optimum pH, and adsorbent dosage were found
120 min, pH 3, 5 g/1, respectively, with 2.5 g H.PO, of carbonized sample and post-treatment step by
refluxing with HCl and NaOH and autoclaved with HF (arAC) with the BET surface area of 472 mg/g.
The equilibrium adsorption data were fitted well by Langmuir and Freundlich adsorption model
with a monolayer maximum adsorption capacity of 12.8 mg/g. The rate of Cr (VI) adsorption onto the
AC was reasonably explained by the pseudo-second-order kinetic model. In addition, the thermo-
dynamic parameters of the adsorption process such as standard Gibb’s free energy (AG®), standard
enthalpy (AH®) and standard entropy (AS°) were evaluated. In a fixed-bed column adsorption, the
effects of bed height, flow rate and initial ion concentration on the breakthrough curve were inves-
tigated, on which the predictions were found to be satisfactory both by the Yan models. The results
showed that a maximum of adsorption capacity was 94.54 mg.g" by the sample of the arAC. Finally,
we found out the sewage sludge-based AC was an efficient low-cost adsorbent for Cr (VI) removal

from electroplating industrial wastewater.
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1. Introduction

Heavy metal ion contamination of water is a very seri-
ous environmental problem all over the world. Chromium
(Cr) is one of the heavy metals that are often found in water
and wastewater. Cr (VI) compounds are more of a concern
than Cr (III) due to their toxicity. The presence of Cr (VI)
in the wastewaters is toxic and has a harmful influence
on the living organisms in the water and on the human
health. Health problems caused by Cr (VI) include nausea,
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diarrhea, skin rashes, respiratory problems, liver and kid-
ney damage, internal hemorrhaging and lung cancer [1].
Despite their toxicity, the chromium compounds are widely
used in dyes and paints, tanning of leather, metal finishing,
electroplating, and so on. Conventional methods for the
removal of the metal ions from the wastewater are chem-
ical precipitation, chemical oxidation and reduction, ion
exchange, filtration, electrochemical treatment and evapora-
tive recovery. However, these technological processes have
significant drawbacks, including imperfect metal removal,
the need for expensive equipment and monitoring systems,
high reagent and energy requirements, production of toxic
sludge and disposal problem [2]. Adsorption has become
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one of the alternative treatment techniques for wastewater
containing heavy metals. Several adsorbents such as AC [3],
clay materials [4], carbon nanotube [5], metal oxides, and
zeolite [6] can be used for removal of metal ions from waste-
water.

The production of AC from municipal and wastewater
sewage sludge has been reported in previous studies. Smith
et al. [7] reviewed the published research on production,
properties, and application of sewage sludge-based AC.
There is a lack of information about the detailed studies
of the process parameters, the kinetics and the thermody-
namics of Cr (VI) adsorption onto AC-based municipal
sewage sludge in the literature. The influence of the type of
post-treatment of AC with HCI and NaOH on the removal
of Cr (VI) from aqueous solution was investigated for the
first time in the present study.

In this study, the AC was prepared from municipal
sewage sludge by chemical activation by H,PO, at 450°C at
different impregnation ratio. The effects of different H.PO,
activating agent amounts and post-treatment purification
methods were studied to optimize pore size distribution
and surface area of AC. The influence of multiple oper-
ating parameters for adsorption of Cr (VI), such as con-
tact time, initial concentration, temperature, pH, and the
adsorbent dose was investigated in batch systems. The
adsorption kinetic, isotherm and thermodynamic were
also discussed.

2. Material and methods
2.1. Electroplating wastewater characteristics

The effluent samples of the local electroplating industry
(Sari, Mazandaran, Iran) from chrome plating units were
collected. The sample was analyzed for color, pH, total
dissolved solid (TDS), chemical oxygen demand (COD),
biochemical oxygen demand (BOD), Cr (VI) concentration.
All analyses were performed in accordance with standard
methods for the examination of water and wastewater [8]
and the average values and standard deviation (SD) of
characteristics are presented in Table 1. The Cr (VI) removal
efficiency of as-produced AC for electroplating wastewater
was examined. Then, the sample was brought into contact
with ACs into a fixed-bed column at room temperature of
25°C and pH 3 with column bed height of 20 mm and flow

Table 1
Characteristics of wastewater from electroplating industry

Characteristic Average value = SD
pH 6.6 +0.33

Cr (VI) concentration, mg/1 148 + 75

COD, mg/1 223 +11.7

BOD,, mg/1 60 + 4

TKN, mg/1 0.004386 + 0.0021
TSS, mg/1 -

TDS, mg/1 2118 + 110

VSS, mg/1 -

EC,dS/m 12994 + 6.24

rate of 1 ml/min. The residual Cr (VI) concentration was
read in the samples using AAS.

2.2. Activated carbon preparation

In our previous study [9], we evaluated different prepa-
ration processes of the activated carbon from sewage sludge
in three different strategies for synthesizing five different
ACs and comprised carbonization, post-treatment purifi-
cation methods for removing the inorganic fractions of the
carbonaceous framework. The study was involved different
strategy of preparation and characterization only. However,
The FTIR spectra of prepared ACs from sewage sludge
showed different functional groups onto ACs surface, the
most abundant functional groups found onto the prepared
ACs include carboxylic acid (C-O and O-H stretching
mode), aromatic (C-H and C-C stretching mode), carbonyl
(C=0 stretching mode) and alkane (C-H stretching and
bending modes). It was found that the maximum specific
surface area of AC treated with sodium hydroxide (bsAC)
was 635 m?/g. As prepared ACs in powders form were less
than 1.0 mm in size with an average diameter between 0.1
and 0.2 mm and 95-100% of which were passed through
an 80-mesh sieve (0.177 mm). Table 2 shows the character-
istic of adsorbents used in the present study. In the present
study, its application for Cr (VI) removal from electroplat-
ing wastewater was carried out in batch and fixed-bed col-
umn adsorption.

2.3. Batch adsorption experiment

A stock solution of 1000 mg/1 of Cr (VI) was prepared
by dissolving 2.829 g potassium dichromate salt (K,Cr,O,,
Aldrich, USA) in 1000 ml deionized water. This solution
was diluted with deionized water to obtain the desired Cr
(VI) concentration for adsorption experiment. The batch
adsorption test was used to investigate the influence of the
contact time, pH, dosage, initial Cr (VI) concentration and
temperature on the adsorption capacity of the AC. After
desired contact time, the suspension was filtered with 0.45
pm syringe filter in order to remove the AC adsorbent and
the concentration of Cr (VI) in the filtrate was measured
using atomic absorption spectrophotometer (AAS, PU 9400
X, Philips Scientific, Cambridge, UK). The effect of pH,
in the range of 2-7, on adsorption of Cr (VI) by AC was
investigated. The initial pH of the solution was adjusted
using required amount of 0.1 M HCl or 0.1 M NaOH solu-
tion. For Cr (VI) adsorption, a known amount of AC (0.4 g)
was suspended in 100 ml solution containing 50 mg/1 of
Cr (VI) in an Erlenmeyer flask. The flask was agitated on
a magnetic stirrer (200 rpm) for 120 min at room tempera-
ture (25°C). The concentration of Cr (VI) ions remained in
the aqueous phase at equilibrium was measured. After the
optimum pH value was obtained, the effect of dose of AC
was investigated. The effect of dosage on adsorption of Cr
(VI) by AC was studied by the addition of different adsor-
bent dosage (2, 3, 4 and 5 g/L) in 250-ml Erlenmeyer flasks
containing 100 ml aqueous solution of 50 mg/1 at pH 3.The
batch adsorption isotherm experiment as made known in
the examination of the effect of different initial Cr (VI) con-
centration. The values of Cr (VI) concentration investigated
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Table 2
Properties of as-synthesized activated carbon

63

Carbon materials AC 1, arAC brAC haAC bsAC
Porosity Mesopore Mesopore Mesopore Mesopore Mesopore
Total pore volume, cm?®/g 0.060 0.573 0.616 0.608 0.496

BET surface area, m*/g 19.59 472 432 511 635

Bed density, kg/m?® 25 to 26

Prosity (¢) ~0.15

were 10, 30, 50, 70, 110 mg/1. The suspension was agitated
on a magnetic stirrer in 250-ml Erlenmeyer flasks contain-
ing 100 ml metal ion solution at pH 3, AC dosage of 4 g/
land room temperature. The samples were withdrawn at
specified intervals of time, filtered and the supernatant was
analyzed to measure the Cr (VI) concentration. The study
temperature effect on the adsorption capacity of the AC
for Cr (VI) was evaluated at three temperatures (25, 35 and
45°C), 4 g/1 adsorbent dosage, pH 3, 120 min contact time
and 50 mg/1 initial Cr (VI) concentration.

2.4. Fixed-bed column experiments

In order to analyze the adsorption capability of ACs,
dynamic removal of Cr (VI) ion from aqueous solution was
conducted in a vertical cylindrical glass tube of 5 mm inner
diameter (ID) and 20 cm effective height. The column was
packed with sewage sludge-based AC between two sup-
porting layers of glass wool and was operated in an up flow
mode using a peristaltic pump (pump drive 5101, Heidolph,
Germany). The Cr (VI) ion concentration was determined
by collecting solution samples at regular time intervals at
the sampling ports near the inlet and outlet of the column.
The experiments were carried out as a function of different
bed height (20, 40 and 60 mm) of, influent flow rates (0.5, 1
and 1.5 ml/min) and initial Cr (VI) ion concentrations (20,
40 and 60 mg/1) and at pH 3 and room temperature. The
saturation of the column was detected by measuring the
concentration of Cr (VI) in the fluid phase at the outlet of
the column.

2.5. Isotherm, kinetic and thermodynamic of Cr (VI) adsorption
on AC

The adsorption capacity and percentage removal effi-
ciency of AC were calculated by the following equations:

GV -GV,
m
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where C_and C, are the initial and the equilibrium Cr (VI)
concentration, respectively (mg/1), V the volume of the
solution (1) and m the mass of the adsorbent (g).

The Langmuir and Freundlich adsorption isotherms
were used to describe the adsorption of Cr (VI) from aque-
ous solute ion. Langmuir model supposes that uptake of

adsorbate molecules occurs on a homogenous surface by
monolayer without interaction between adsorbed mole-
cules, moreover, this model assumes uniform energy of
adsorption onto the adsorbent surface and no transmi-
gration of the adsorbate [10,11]. The nonlinear form of the
Langmuir and Freundlich equations are given as follows
[12,13]:

— quce

=T kC, ®)

where C_ is the equilibrium Cr (VI) concentration (mg/1),
g, the amount of Cr (VI) adsorbed on adsorbent at equilib-
rium (mg/g), g, the maximum adsorption capacity (mg/g)
and K the Langmuir constants (I/mg), indicating the bind-
ing energy of adsorption. The Freundlich isotherm suggests
a multilayer adsorption system in which adsorption takes
place on the heterogeneous energetic active sites on the
surface with the interaction between adsorbed molecules.
This can be due to heterogeneous oxygen groups, such as
carbonyl, phenolic, and lactone functional groups, on the
AC [11]:

1
q.=K,Cr ()
where K, and 7 are Freundlich constants which are related
to the Cr (VI) adsorption capacity and the adsorption inten-
sity, respectively.

The simple kinetic model that expresses adsorption
mechanism is pseudo-first order as suggested by Lagergren
[14,15], which can be defined by Eq. (5):

d

T k(s.-q) ®)
where k, is the first-order rate constant (min™), g, and g, are
the amounts of Cr (VI) adsorbed on adsorbent (mg/g) at
equilibrium and at time t (min), respectively. Integrating
and using the boundary condition, t =0 and g, =0tot = ¢
and g, = q, gives the form:

K, ©)

log(q, —4,)=1ogg, - 5303

The Cr (VI) adsorption kinetics may be matched by a
pseudo-second-order model. The linear form of this model
is given by the following equation:
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where k, (g/mg/min) is pseudo-second-order rate constant.
Value k, and g, can be determined from the slope and the
intercept of the plot t/gq, against t,respectively.

The thermodynamic parameters such as free energy
change (AG®) for the adsorption of Cr (VI) onto AC was cal-
culated using the following equations [12,16]:

AG”=—RTInK, (8)

9.
K, = 9
d C ()

e

where AG® is the change in free energy (kJ/mol), T the
temperature (K), R the gas constant (8.314 ]/mol-K), K, the
equilibrium constant of adsorption (1/g), g, the amount
adsorbed on adsorbent at equilibrium and C_ is the equi-
librium concentration. The change in the standard enthalpy
(AH®, k] /mol) and the change in the standard entropy (AS°,
J/molK) can be evaluated using the following equation
[12,16]:

AG’ = AH® = TAS’ (10)
The Van't Hoff equation can be used to estimate the

variation of the equilibrium constant with temperature. The

combined form of the Egs. (8) and (10) is given as:

(11)

The standard enthalpy and entropy changes were
obtained from the slope and intercept of a plot with In K, on
the y-axis and 1/T on the x-axis, respectively.

The rate constant of pseudo-second-order kinetic
increased with increasing temperature. The dependence of
kinetic rate constant of an adsorption on temperature can be
stated by the Arrhenius equation as follows:

(12)

_ QCO t=tiora Cf
Trotar = 1000 -[1:0 (1 - C_U)dt

where, E_is the activation energy of the adsorption in kJ/
mol, R the gas constant in 8.314 ] mol™ K7, T the tempera-
ture in K and A represents the collision frequency, which is
called the frequency factor.

2.6. Fixed-bed column data analysis and modeling

In the fixed-bed adsorption, the variety of concentra-
tions in the fluid phase and solid phase as a function of
time as well as with position in the bed is called a break-
through curve. The abrupt rise in the concentration of the
adsorbate in the effluent (C,) reaches about 5% of the influ-
ent concentration (C ), indicating the breakthrough time
(t,)- The column experiment is carried out to the complete
saturation point of the adsorbent bed, i.e., when the con-
centration of the adsorbate in the effluent reaches 95%
of the influent concentration, indicating exhausting time
(t.). From a mass balance in the column, the area under
the breakthrough curve represents the total mass of metal
adsorbed (g,,,, mg) and can be obtained by the following
equation:

QC,

13
1000 (13)

qtotal =

J'f:[mml (1 _ Q)dt
G

t=0

where g, is the total metal ions run through a column
(mg), C, the feed concentration of metal ion (mg/1), Q the
volumetric flow rate (ml/min) and C, the concentration
of metal ion at the outlet of the column (mg/1). The total
amount of metal ion (mg) passed through the column and
the percentage removal of Cr (VI) ion (%) is given by Egs.
(14) and (15):

COQtt tal (
= O iotal 14)
total 1000

R — qtotal X 100
m

(15)

total

where m is the mass of the adsorbent (g).

The equilibrium adsorption capacity, g, (mg/g), and
the equilibrium concentration of Cr (VI), C, (mg/1), can be
obtained from the following equations, respectively:

- qtatul
m

e (16)

C — mtuml - qtotal X 1000

. 17)
off

The mass transfer zone (MTZ) is the region of the bed
where most of the adsorption occurs and it moves up the
column bed in which the adsorbate concentration changes
from C/C, = 0.05 to 0.95. The value of MTZ can be found
from:

Mrz=1"h t_tb

e

(18)

where L is the bed height (cm), ¢, the time required to reach
the breakthrough point (min) and ¢, the time required to
reach the exhaust point (min).

The experimental adsorption breakthrough curves
obtained from the laboratory setup were applied to the
proposed model and simulate the profile of adsorption. In
this study, two different models were used to fit the data
obtained from the fixed-bed experiments. The Thomas
model was applied to predict the breakthrough curve and
to determine the operational parameters for maximum
adsorption capacity at (mg/g) and the Thomas rate con-
stant K, (ml mg™ min™), assuming second-order reversible
reaction kinetics and Langmuir isotherm. The nonlinear of
the Thomas model can be expressed as [17]:

C 1

G 1+exp (I;T(qu - COV)j

(19)

where C_is the feed concentration in mg/L, C, the effluent
concentration in mg/L, Q the flow rate in mL/min, V the
volume treated in L, and m the adsorbent mass in g.

Yan developed a model to describe the adsorption
breakthrough curve of the fixed-bed column. This model is
considered as an empirical equation and use of the model
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minimizes the error resulting from the use of the Thomas
model, especially at lower or higher time periods of the
breakthrough curve [18]. For a single component, the equa-
tion is:

C, 1 1

G (QCOt j
qym

where g, is the maximum adsorption capacity (mg/g) of
adsorbent estimated by the Yan model and a constant coef-
ficient.

(20)

3. Results and discussion
3.1. Batch adsorption studies

3.1.1. Effect of impregnation ratio of H.PO, on Cr (VI)
removal

Phosphoric acid is an effective activating agent for the
preparation of ACs, its impregnation ratio to feedstock has
been proven to have a significant effect on the porosity
development [19]. In this study, the effects of the AC sam-
ples prepared with a different impregnation ratio of H,PO,
to municipal sewage sludge and pH on Cr (VI) removal
from aqueous solution were examined and is shown in Fig.
1. As shown in Fig. 1, the Cr (VI) removal is maximum at
pH 3 and increases with an increase in the impregnation
ratio from 52.48 to 73.78% and then with an increase in the
impregnation ratio to 3.5 g/g, it reduces to 65.36%. The
reasons for this could be related to the texture character-
istics of AC prepared with a different impregnation ratio
chemical agent and precursor. The general trend in most
studies revealed that the surface area of the AC increases
with increasing impregnation ratios and high impregnation
ratios lead to a reduction in pore volume and surface area
[20], indicating the destruction of the micropores by collaps-
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H,PO,: Sewage sludge ratio, g/g
Fig. 1. Effect of different impregnation ratio of H,PO,on Cr (VI)

adsorption at Cr (VI) concentration of 50 mg/1, temperature of
25°C, contact time of 120 min and pH 3 and 7.

ing due to the weakness of pore walls after intensive dehy-
dration. The highest adsorption capacity was obtained for
the AC sample with an impregnation ratio of 2.5 g/g and
arAC sample. This means that much of the inorganic con-
tent was removed from the AC structure by acid and base
refluxing, resulting in a dramatic increase in the BET sur-
face area of 10.15 m*/g to 472 m*/g and mesopore volume
from 0.055 to 0.446 cm?®/g. Thus, a remarkable improvement
in the BET surface area and mesopore volume caused the
higher Cr (VI) removal efficiency in the post-treated sam-
ple. According to the literature, mesopore has a major role
in trapping large molecules of Cr (VI) [19].

3.1.2. Effect of solution pH

The pH of the aqueous phase is one of the important
factors which have an effect on the adsorption capacity of
the AC and also the Cr (VI) removal from solution. It has
an influence on the surface charge of adsorbent and the
degree of ionization and speciation of the Cr (VI) in solu-
tion [15]. Owing to this factor, its effect was investigated
in the range of 2-7 and is shown in Fig. 2. As can be seen
from Fig. 2, the maximum adsorption capacity of Cr (VI)
was achieved at pH 3, which was about 10 mg/g and it was
reduced with increasing pH. The results showed that a bet-
ter Cr (VI) adsorption was yielding at low pH as observed
by another researcher. Karthikeyan et al. [16] conducted the
Cr (VI) adsorption with sawdust AC at the pH in the range
of 1-10. Their results showed that Cr(VI) removal was
pH dependent and the maximum removal efficiency was
attained at pH 2. The influence of pH on Cr (VI) adsorption
can be explained as follows: the main chromium hexavalent
species at pH 1-6 are bichromate (HCrO,") and dichromate
(Cr,0,%) and in the neutral pH nearly all Cr is HCrO, or
chromate (CrO,*") while in the value above pH 7, the dom-
inant form is CrO,* [21]. In addition, in the acidic environ-
ment, the functional groups on the surface of the AC are
protonated to a high extent which can be stated as:
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Fig. 2.Effect of pH on Cr (VI) adsorption onto AC,,,, at Cr (VI)
concentration of 50 mg/1, temperature of 25°C and contact time
of 120 min.
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AC-OH,* > AC(OH) + H (1)

AC(OH) <> AC-O- + H* (22)
Actually, the maximum Cr (VI) adsorption capacities
at pH lower than 3 are related to the strong electrostatic
attraction between protonated carbon surface and anionic
species chromate ions from the solution which caused
promotion of Cr (VI) adsorption [22]. The decrease of Cr
(V1) adsorption at pH higher than 7 is attributed to Cr,O,>
and also the functional groups on the AC surface carrying
negatively charged species which tends to repulse electro-
static interactions, leading to weak bonding of negative
Cr formed onto the AC surface, resulting in reduction of
Cr (VI) removal [23]. As aforementioned, the maximum
adsorption capacity of Cr(VI) oxyanion by ACs at pH 2 can
be explained by species of chromium and the ACs adsor-
bent surface. In fact, a mechanism of electrostatic adsorp-
tion of Cr (VI) oxyanion suggested that there is a strong
electrostatic force of attraction between the HCrO-, species
with protonated active site AC-OH,* of adsorbent surface
in acidic condition as:
AC-0OH; + HCrO; - ACHCrO, + H,0O,at pH2 (23)
However, the electrostatic force of attraction between Cr
(VI) oxyanion and the surface of ACs decreases with the pH
increasing in the adsorption process. Thus, the adsorption
increases with the Cr (VI) solution pH decreasing when the
Cr (VI) solution is acidic.

3.1.3. Effect of adsorbent dosage

In order to select the most effective adsorbent dose for
removal of Cr (VI) from aqueous solution, the influence
of different doses of AC (2, 3, 4 and 5 g/1) was examined.
Their results are presented in Fig. 3 and indicate that the
Cr (VI) removal is a function of AC dosage. From Fig. 3, it

160 )
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Adsorbent dose, g

Fig. 3. Effect of adsorbent dosage on Cr(VI) adsorption onto
AC,,,, .at Cr (VI) concentration of 50 mg/1, temperature of 25°C,

contact time of 120 min and pH 3.

is obvious that the percentage removal of Cr (VI) rose from
68% to 75% with increasing the adsorbent dose from 2 to 5
g/1. The phenomenon of improving metal ion adsorption is
attributed to increasing of the type and the number of avail-
able binding sites on the total surface area for complexion,
which result in more Cr (VI) being attached to the surface
of adsorbent [24]. However, with increment adsorbent dose,
Cr (VI) adsorption capacity decreased from 17.1 mg/g to
7.5 mg/g, as shown in Fig. 3. It can be due to the splitting
influence of the concentration gradient between adsorbate
and adsorbent with increased AC dosage and high density
of adsorbent particles or inter-particle interaction, such as
aggregation [25]. Since the uptake capacity is measured by
a unit weight of adsorbent, from an economic standpoint, it
is considered as a parameter to determine the most effective
adsorbent dose. Therefore, the optimum adsorbent dose
was chosen 0.4 g/100 ml for further experiments in this
study.

3.1.4. Effect of initial concentration

The investigation of initial metal concentration pro-
vides the necessary driving force to overcome all mass
transfer resistance for metal ions between the solution and
solid phase [26]. The effect of initial Cr (VI) ion concentra-
tion on adsorption onto AC samples (ACHP 2.5 and haAC)
was studied in the range of 10-110 (figure not shown).
Results showed that the amount of Cr (VI) adsorbed onto
ACHP2.5 and haAC increased from 1.8 to 9.7 mg/g and
4.5 mg/g to 23.5 mg/g, respectively, by increasing initial
Cr (VI) concentration from 10 to 110 mg/1. These trends
can be explained by the fact that the driving force over-
comes mass transfer resistances of metal ions between
the solution and available surface active sites by increas-
ing initial Cr (VI) concentration. The percentage removal
decreased with increasing initial Cr (VI) concentration. In
fact, all adsorbents have a limited number of active sites
that become saturated at the higher concentration and
lead to decrease in the percentage of removal efficiency
[27]. However, the uptake capacity of haAC was greater
than that of ACHP 2.5. This is due to that a higher BET sur-
face area and uniform mesoporous pore structure allows
the highly accessible pore surface areas.

3.1.5. Adsorption isotherms

Adsorption isotherms are crucial to explain the adsorp-
tion mechanism of adsorbate onto adsorbent surfaces
[28]. The Langmuir and Freundlich models are frequently
employed as adsorption isotherm models to investigate
the relationship between the adsorption capacity and the
equilibrium concentration. In other words, these isotherms
depend on the magnitude of solute adsorbed at equilibrium
per weight of adsorbent [11]. In the current study, both mod-
els were used to explain the adsorption behavior of Cr (VI)
for AC,,,, and haAC samples as are presented in Fig. 4. The
constant parameters of these isotherms, evaluated from the
nonlinear plot, are given in Table 3. The correlation coeffi-
cient value obtained from the Langmuir models was higher
(R*> 98) than Freundlich model. It can be concluded that
Langmuir isotherm can describe well the Cr (VI) adsorption
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in mixed sorbate-sorbent systems. From Table 3, the q_ of
haAC sample was 31.7 mg/g which is higher than the q_
of AC,,,, sample, 12.8 mg/g. The difference in adsorption
capacity of the ACs for Cr (VI) removal may be related to
BET surface area, structure properties and distribution sur-
face functional groups [26]. For example, the haAC sample
has a remarkably higher surface area and mesopore volume
compared to AC,,, . sample, resulting in greater adsorption
capacity.

HP2.5

3.1.6 Adsorption kinetics

The study of adsorption kinetics gives valuable infor-
mation about the reaction pathways and the mechanism
of adsorption operations such as mass transfer, the uptake
rate of adsorbate onto the adsorbent and this rate con-
trols the residence time of adsorbate at the solid-solution
interface [27]. Many kinetic models have been used to
fit the adsorption process. The pseudo-first-order model
[29], pseudo- second-order model [30] are mostly applied
to survey the adsorption kinetics. Adsorption kinetics of
Cr (VI) onto ACHP2.5 and haAC samples were exam-
ined with pseudo-first-order and pseudo- second-order
models. The linear plots of these kinetic models were
presented in Fig.5. It is obvious that linear plots of pseu-
do-second-order plots fitted the experimental data very
well while pseudo-first-order kinetic model does not fit
the experimental data (not shown as a figure). Kinetic con-
stants determined from linear plots of both models and
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Fig. 4. Langmuir and Freundlich isotherms for Cr (VI) adsorp-
tion onto AC,,,,. and haAC samples at dosage of 0.4g/100 ml,

HP2.5

correlation coefficient values are summarized in Table 4.
It can be seen from Table 4 that the correlation coefficients
of pseudo-first-order model show the weak correlation of
Cr(VI) adsorption onto the AC. The pseudo-second-order
model indicates high correlation coefficient value which
successfully expressed the kinetic process of Cr (VI)
adsorption. Moreover, g, values calculated from predicted
pseudo-second-order model are nearly at experimental g,
values. Finally, it can be concluded that the adsorption of
Cr (VI) with AC based sewage sludge is chemisorption
because pseudo-second-order kinetic model proposes
that adsorption phenomenon involves chemical adsorp-

80
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v 50mg/l
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Fig. 5. Pseudo-second-order kinetic model for Cr (VI) adsorp-

temperature 25°C, agitation rate of 150 rpm, contact time of 120  tion onto (a) AC,;, 5.4 (b) haACat dose of 0.4 g/100 ml, tempera-
min and pH 3. ture of 25°C and pH 3.
Table 3
Langmuir and Freundlich model parameters for AC,,, ;and haAC

Sample Langmuir isotherm Freundlich isotherm

b, 1/mg q.,mg/l R? K, mg/g(L/mg)" n R?
AC,,, 0.0613 12.803 0.9900 1.93 242 0.9800
haAC 0.1148 31.72 0.9800 5.10 2.00 0.9200
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Table 4

Pseudo-first-order and pseudo-second-order kinetic models for different initial concentration of Cr (VI) onto AC

and haAC

HP2.5

Sample Metal Con., mg/1

Jou MB/8

Pseudo-first-order

Pseudo-second-order

in-1
k, min

g mg/g  R? k, g/mg min 9 Mg/g R?

AC,,. 10 17
30 5.62
50 7.65
70 8.24
90 8.87
110 11.61

haAC 10 2.33
30 7.62
50 10.64
70 15.35
90 18.86
110 22.23

0.006
0.011
0.008
0.01
0.014
0.013
0.039
0.032
0.01
0.01
0.04
0.02

4.59 0.023
3.26 0.72
3.60 0.28
440 0.19
3.85 0.69
417 0.53
4.30 0.1
545 0.1
1.60 0.1
1.60 0.1
6.78 0.1
410 04

0.46

0.020
0.014
0.025
0.012
0.033
1.510
0.226
0.056
0.057
0.025
0.026

1.65 0.99
5.67 0.93
8.43 0.98
8.88 0.99
10.12 0.98
10.96 0.98
2.32 0.99
7.63 0.99
10.53 0.99
15.63 0.99
18.87 0.99
22.22 0.99

tion mechanism. In this regard, several studies have been
reported that used the pseudo-second-order kinetic model
to describe Cr (VI) adsorption [26].

3.1.7. Effect of temperature and thermodynamic parameters

Temperature is one of the parameters that have an
evident influence on the adsorption of Cr (VI) onto AC
samples. The Arrhenius plot, using pseudo-second-or-
der kinetic data, and Van’t Hoff plot is shown in Fig. 6.
The thermodynamic parameters including Gibbs free
energy change (AG°®), enthalpy change (AH®) and entropy
change (AS°) are given in Table 5. AH® is associated with
the energy released when the adsorbate and adsorbent are
linked. The negative AH® value confirms that the adsorp-
tion nature of Cr (VI) onto AC,,,,, is an exothermic pro-
cess, which can be due to different functional groups and
adsorption sites on the AC surface prepared from sewage
sludge. Positive AH® demonstrates that the adsorption of
Cr (VI) onto haAC is endothermic, which is proved by an
increase in the adsorption of Cr (VI) with temperature. The
low value of AH® for both samples suggests that the phys-
ical adsorption may be responsible for Cr (VI) removal
from aqueous solution in which the forces involved in
adsorption phenomenon are weak, this is according to
thumb law which states the physical adsorption process
that can be occurred in AH® value is between 2-40 k] /mol
[31]. The negative value of AS° reveals a decrease in ran-
domness at the solid/liquid interface during the adsorp-
tion of Cr (VI) onto AC,,,,.. While the positive value of
AS° explained that the degree of randomness increased at
the solid /liquid interface during the adsorption of Cr (VI)
onto the haAC. This is probably due to some structural
changes in the adsorbent and adsorbate as immobilization
Cr (VI) ions induced onto adsorbent surface compared
with a solution [32]. For AC,,. sample, the values of
Gibbs free energy were positive at all of the tested tem-
peratures, indicating that the adsorption of Cr (VI) onto
AC was thermodynamically nonspontaneous in nature.
Similarly, the increase in the positive values of AG® with
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Fig. 6. (a) Van't Hoff and (b) Arrhenius plots of Cr (VI) adsorp-
tion onto ACsz.s and haAC at adsorbent dose of 0.4 g/100 ml,
PH 3.0, initial concentration of 50 mg/L, contact time of 120 min

and agitation rate of 150 rpm.
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Table 5
Thermodynamic parameters of Cr (VI) adsorption on AC
temperatures

HP2.5

69

and haAC at initial metal concentration of 50 mg/1 and at different

ACtype  AHS KJ/mol AS®, J/mol K AGS, KJ/mol R? Ea, KJ/ R
288 K 298 K 308 K 318K mol

AC,,, . -16.63 -61.94 1.21 1.83 245 3.07 09818 36.20 0.9097

haAC 26.58 97,61 -1.53 -2.50 -348 ~4.46 0.9829 -55.68 0.9900

anincrease in temperature explains a decrease infeasibility
of nonspontaneous adsorption at a higher temperature.
So the adsorption process at a lower temperature is more
feasible [33]. However, for haAC sample, the AG® values
were negative at all of the tested temperatures, implying
that the adsorption of Cr (VI) onto haAC was thermody-
namically favorable and spontaneous in nature. Therefore,
the AG°results suggested that the adsorption affinity of Cr
(VI) onto ha AC was stronger that onto AC

HP2.5"

3.2. Adsorption Cr (V1) in fixed-bed column and breakthrough
analysis

3.2.1. Effect of feed concentration Cr (VI)

The effect of the influent concentration on the adsorp-
tion Cr (VI) was investigated using various Cr (VI) con-
centrations of 20, 40 and 60 mg/1 at a constant bed height
of 4 cm and flow rate of 1 ml/min. The effect of influent
concentration on the shape and appearance of the break-
through curves and the column adsorption parameters
was considered. The results are presented in Fig. 7a and
Table 6. Results showed that the breakthrough curve was
rather steep, time of breakthrough (¢, at C,/C_= 0.05) and
column exhaustion (t, at C,/C_ = 0.95) was very fast and
greater uptake capacity obtained at 60 mg/1, due to that
higher concentration creates a driving force to an enhanced
dispersion of metal ion along the column. As the break-
through analysis is shown in Table 6, with increase in the
Cr (VI) concentration at 20, 40 and 60 mg/1, the removal
was 56, 63 and 77%, respectively. This trend is due to the
decrease in the total passed the volume of metal solution
through the column with the increase in the influent metal
concentration until the column reaches to exhaustion time
[34,35].

3.2.2. Effect of flow rate

For continuous treatment of wastewater on an indus-
trial scale, the flow rate is an important parameter in esti-
mating the performance of adsorbent. The breakthrough
curves for Cr (VI) adsorption on S, at different flow rates
of 0.5, 1 and 1.5 ml/min through a 4 cm column bed height
and influent concentration of 40 mg/1 are shown in Fig. 7b
and the breakthrough analysis presented in Table 6. These
results reveal that a decreased breakthrough time (t)
and exhaustion time (f) was observed with the increase
in flow rate from 0.5 to 1.5 ml/min. The analysis of the
breakthrough curve showed that the increase in column
flow rate from 0.5 to 1.5 ml/min resulted in a decrease in
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o Cons. =40 mg/l
v Cons.=60mgl/l
Thomas model
- Yan model

GG,

Time, min
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Fig. 7. Experimental breakthrough curve at different (a) inlet
Cr(VI) concentration (b) flow rates and (c) and bed heights for
Cr (VI) removal using AC

HP2.5°
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Table 6

The breakthrough parameters and Thomas and Yan models of Cr (VI)adsorption on AC

Z. Aliakbari et al. / Desalination and Water Treatment 93 (2017) 61-73

\m s in a fixed-bed column

Type of Column condition Breakthrough analysis Thomas model Yan model

AC Cons, BH, Qml/ g, R% C, MIZ t, g,  Kx R g, a R’
mg/l mm  min mg/g mg/l  cm min  mg/g 10* mg/g

Synthetic wastewater sample:

AC,,, 20 40 1.0 1098  56.00 759 287 2020 126 035 099 11.83 464 099
40 40 1.0 9.50 63.00 9.30 2.80 780 92 038 098 893 392 0.99
60 40 1.0 1114 7700 1370 3.00 490 10.83 038 099 11.85 327 099
40 20 1.0 1763 6178 1529 144 750 1643 034 098 1562 334 099
40 60 1.0 800 5454 1881 4.38 1110 7642 027 098 820 400 099
40 40 0.5 11.60 3142 2743  3.62 3840 1052 040 096 11.08 237 099
40 40 15 7.55 3735 2506 3.83 701 8.12 036 096 745 252 099

arAC 40 20 1.0 1270  46.00 2900 190 780 1371 035 096 1292 322 099

brAC 3110 7900 822 275 800 3015 054 098 31.00 4.41 099

haAC 9454 90.00 5.22 1.90 1245 9511 074 099 9589 557 099

bsAC 1826 56.34 1529 144 990 1812 038 097 1861 284 099

Electroplating wastewater sample:

AC,, 110 20 1.0 7.20 30.66 103.00 1.75 180 6.00 896 098 595 121.8 099

haAC 3386 66.00 104.84 183 480 3412 233 099 3499 306.14 099

BH: bed height (mm); Q: flow rate (ml/min); Cons.: inlet concentration (mg/1); q,: adsorption capacity (mg/g); R: percentage removal;
C.: equilibrium concentration (mg/1); MTZ: mass transfer zone (mm); ¢ : exhausting time (min); c k;,: Thomas rate constant (ml/min/

Th*

mg); q,,; Thomas maximum adsorption capacity (mg/g); a: Yan constant (dimensionless); 4,: Yan maximum adsorption capacity (mg/g).

the Cr (VI) uptake capacity from 11.6 to 7.55 mg/g, due to
metal ions did not have enough opportunity to link with
the adsorbent surface of the AC, whereas the mass trans-
fer zone (MTZ) values increased from 3.62 to 3.83 mm,
respectively. This means that the increase in column flow
rate resulted in MTZ length to a higher zone, so before
reaching equilibrium metal ions are passed through the
column and reduced performance of the column because
of the spreading of the breakthrough curve may be caused
by the MTZ limitations [36]. These results are of impor-
tance because the adsorbent bed is operational until the
MTZ reaches the adsorber end.

3.2.3. Effect of bed high

The uptake of metals in the fixed-bed column is depen-
dent on the quantity of adsorbent in the column. The bed
height experiments were conducted using a fixed-bed col-
umn with AC for three different bed heights of 2, 4 and
6 cm at a constant flow rate of 1 ml/min and an influ-
ent Cr (VI) concentration of 40 mg/l. The breakthrough
curves at different bed heights were shown in Fig. 7(c)
and the breakthrough analysis summarized in Table 6.
The observed breakthrough curve in higher column bed
height has a gradual shape of the curve. By increasing bed
high from 2 to 4 cm, removal of Cr (VI) increased from
61 to 63% due to the number of active sites available on
the adsorbent surface because of MTZ needs more time to
reach the column end and for the metal ions to have more
time to be in contact with AC. But in bed height from 4 to 6
cm, removal of Cr (VI) (54%) did not show a similar trend
because in bed height 6 cm, f, increases from 780 to 1110

min, so more solution passes through the fix-bed column
and the removal percentage obtained less than bed high of
2 and 4 cm.

3.3. Modeling of fix bed column

The Thomas and Yan models were applied to fit the
experimental data in a fix-bed column in order to determine
the rate constant, maximum uptake capacity and to predict
the breakthrough curve for dynamic adsorption of Cr (VI).
The breakthrough curves predicted by the Yan and Thomas
models at different bed height, flow rate and inlet concen-
tration for the removal of Cr (VI) are shown in Fig. 7a—c and
constant parameters of Thomas and Yan models are listed in
Table 6. The Yan model gave a good fit to the experimental
data and obtained a high correlation coefficient (range of R>=
0.9941-0.991). By comparison of uptake capacity of the exper-
imental data with the Yan model predicted breakthrough
curves is clear that Yan model fitted better than the Thomas
model. However, the data in Table 6 reveal a negligible dif-
ference between the Yan model and Thomas models values
of R? and the experimental values of uptake capacities were
similar to the predicted values from both models for Cr (VI)
in all operational conditions. The constant rate of the Thomas
model increased with increasing inlet concentration of Cr
(VI), due to the interaction between Cr (VI) and A which pro-
vides the essential driving force to overcome the resistances
to the mass transfer of Cr VI) between the aqueous solution
and the AC adsorbent. However, the values of K, was not
influenced much by flow rate and increased with increasing
bed height, indicating the kinetic in the fixed-bed column is
controlled by external mass transfer.
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3.4. Effect of acid- and base-refluxed AC on adsorption of Cr
(V1) in a fixed-bed column

In order to increase percentage removal and surface
area AC-based sewage sludge, the fix-bed column carried
out for different AC-based sewage sludge which reflexed
with acid and base leaching methodology. The experiments
results of the breakthrough analysis and constant param-
eters of Thomas and Yan models forbs AC, arAC, brAC
and haAC samples at a bed height of 20 mm, the flow rate
of 1 ml/min and an influent Cr (VI) concentration of 40
mg/1 are summarized in Table 6. The percentage removal
of Cr (VI) increases from 61.78 to 79.00 and uptake capac-
ity values increased from 17.63 to 31.10 mg/g for AC,,,.
and arAC, respectively. This increase is due to a decrease in
mineral content and silica precursor, which was ultimately
led to an increase in porosity and BET surface area of AC.
The percentage removal of Cr (VI) by AC treated with HF
improved significantly compared to other treatment meth-
ods. The percentage removal of Cr (VI) increased from 61.78
to 90.00 and uptake capacity values increased from 17.63
to 94.54 mg/g for AC,,,,. and haAC, respectively. It can be
explained that the pore size treated with HF is mesoporous.
On the other hand, ionic radius of Cr (VI) is large, there-
fore, this AC treated with HCI-HF better able to remove
chromium (VI) from aqueous solution. The surface area
of the bsAC obtained from two stages (635 m?/g) process
was found to be much higher than those AC obtained from
the one stage process. However, the average pore diame-
ter and mesoporosity percent were less which leads to
decrease in percentage removal and uptake capacity. This
clearly demonstrates that the two stage process enhances
the microporosity development. Removal percentage of Cr
(VI) and uptake capacity were not changed significantly for
arAC sample compared with other AC samples.

3.5. Electroplating wastewater adsorption onto AC sample

In order to survey capability of the prepared adsorbents
for removal of Cr (VI) from electroplating industry waste-
water, fixed-bed column experiments by AC,,,. and haAC
samples were conducted. The breakthrough curves pre-
dicted by the Yan and Thomas models for the removal of Cr
(VI) from electroplating wastewater are shown in Fig. 8 and
the breakthrough parameters for Cr (VI) removal by AC, .
and haAC are summarized in Table 6. Results showed that
fixed-bed column indicated that haAC exhibited a high
removal capacity toward Cr(VI) from electroplating waste-
water, which contains the highest concentration TDS and
EC (Table 1) and may interfere adsorption of Cr (VI). The
removal of Cr (VI) by AC,,,, . was weakened in the presence
of other impurities, as a result of the less BET surface area
and active sites of the adsorbent surface. Overall, as pre-
pared haAC were potential adsorbent for the removal of Cr
(VI) from wastewater.

3.6. Desorption

The regeneration of the adsorbent is important, espe-
cially if the adsorption is to be employed for treatment of
industrial wastewater because it leads to reuse adsorbent
and decreasing the cost of adsorption production. The aim

1.2
1.0
0.8 A
O
@)
<. 0.6 1
(@)
0.4 -
ACHP2.5
O  haAC
0.2 1 Thomas model
- Yan model
0.0 T T T : :
0 100 200 300 400 500 600

Time, min

Fig. 8. Removal of Cr (VI) ions from electroplating wastewater

using (a) AC,,, ., (b) haAC at pH = 3 and room temperature.
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Fig. 9. Desorption cycles on activated carbon.

is to remove the loaded Cr (VI) from the fixed-bed adsor-
bent in the smallest possible volume of an eluting solution.
The sorption-desorption experiments were studied using
0.5M NaOH solution under identical conditions of the flow
rate of 1 ml/min, the bed height of 40 mm and inlet Cr (VI)
concentration of 50 mgl/1. In every cycle, the loading was
considered complete when the Cr (VI) concentration in the
effluent was equal to inlet Cr (VI) concentration. The results
of the desorption tests are presented in Fig. 5. The recovery
percentage in three cycles changed from 60% to 40%. This
drop may be due to the fact that chemisorption mechanism
was involved on the surface and Cr (VI) was less removed
in the pores of haAC. These results indicate that the recov-
ery percentage of Cr (VI) was unsatisfactory. Therefore,
the effect of the different leaching agent, temperature, and
leaching rate on the desorption concentration of Cr (VI)
from AC derived sewage sludge should be investigated.

3.7. Comparison with other AC

The maximum adsorption capacity of Cr (VI) onto AC
samples was compared with other AC which was produced
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Table 7
Comparison of maximum adsorption capacities of various AC
adsorbents for Cr (VI) removal

Adsorbent pH Temperature, gq_, Ref.
°C mg/g

Commercial AC 6 25 47 [37]

Commercial AC 6 25 8.9

oxidized with H,SO,

Commercial AC 6 25 104

oxidized with HNO,

AC-based fabric cloth 2 25 21.8 [39]

Bio-char 2 25 9.5

Bio-char 2 25 10

AC-based agricultural 2 25 11.5

waste

Sewage sludge AC 3 25 15.4 [40]

AC-biomass 1.5 25 9.97 [26]

Tamarind wood AC 56 50 28.01 [41]

Waste tires AC 2 22 2993  [38]

Sawdust AC 2 22 24.65

Palm shell AC 4 25 12.6 [23]

PEI/palm shell AC 4 25 20.5

AC,,. 3 25 128  Inthis

haAC 3 25 317  study

from different precursor materials and summarized in
Table 7. It can be seen that Cr (VI) maximum adsorption
capacity of the AC,,,, sample (12.8 mg/g) is comparable to
the adsorption capacity of commercial AC (9.97 mg/g and
10.4mg/g) [26,37] reported in the literature. However, haAC
sample (31.7 mg/g) has sufficiently high Cr (VI) adsorption
capacity compared to palm shell (12.6 mg/g) [23], sawdust
(24.6 mg/g) [38], waste tires (29.9 mg/g) [38], coconut shell
(11.5 mg/g) [39] and also sewage sludge AC (15.4 mg/g)
[40]. Based on the literature, the initial carbon content of
feedstock, activation process and pore development are
responsible for the adsorption capacity of metal ions [16].
For example, in this study, the haAC-based sewage sludge
has higher Cr(VI) adsorption capacity (two times more)
than that obtained by Rozada et al. [40]. It can be explained
the use mild acid leaching and in their refluxing treatment
processes on pyrolyzed AC in order to remove silica and all
the metal impurities.

4. Conclusions

The potential of Cr (VI) removal from aqueous solution
onto AC samples was investigated in a different condition
of pH, initial Cr (VI) concentration, adsorbent dosage, con-
tact time and temperature. The adsorption experiments
were conducted in batch and fixed-bed systems. The maxi-
mum adsorption capacity of Cr (VI) was obtained at pH 3.
The adsorption behavior of Cr (VI) onto AC samples was
fitted by Langmuir and Freundlich models and maximum
equilibrium adsorption capacity of 12.80 and 31.7 mg/g

were obtained for AC,,,, and haAC samples, respectively,

which indicated washing refluxing sludge AC with HCI
and NaOH notably improved Cr (VI) removal efficiency.
The pseudo-first-order and the pseudo-second-order
kinetic model were applied to explain the synthetics of Cr
(VI) adsorption. Taking into consideration the activation
energy and enthalpy, the main adsorption mechanisms for
Cr (VI) onto ST and S, samples were chemisorption and
physical adsorption, respectively. The results of thermo-
dynamic studies show that Cr (VI) adsorption process is
spontaneous and upgraded by reducing the temperature
from 15 to 45°C. In the continuous operation, effects on the
breakthrough curve of bed height, flow rate and initial ion
concentration were investigated, while the experimental
adsorption capacity reached to 94.54 mg/g. The Yan model
predicted the maximum adsorption capacity better than the
Thomas model. The adsorption-desorption experiments
by NTAC showed that the adsorption capacity decreases
from 15.6 to 8.34 mg/g. After four cycles, demonstrating
a good regeneration capacity of the adsorbent for treating
wastewater containing hexavalent chromium ions. Finally,
we found out that AC derived sewage sludge If is rinsed
with acid is a good adsorbent for hexavalent chromium ion
removal (by 96%) from electroplate wastewater.
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