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Abstract Purified terephthalic acid (PTA) plant of a petro-
chemical unit generates wastewater having high pollution
load. Acid treatment of this wastewater reduces the chemical
oxygen demand (COD) load by more than 50%), still leaving
substantial COD load (>1500 mg/L) which should be re-
moved. The present study reports on the use of a bio-waste-
adsorbent bagasse fly ash (BFA) for the reduction of COD and
other recalcitrant acids from this wastewater. The BFA
showed basic character and was mesoporous with a BET spe-
cific surface area of 82.4 m*/g. Optimum conditions for the
adsorptive treatment of acid-pretreated PTA wastewater were
found to be as follows: initial pH (pH;) = 4, BFA
dosage = 15 g/L, and contact time = 3 h. Adsorption treatment
resulted in 58.2% removal of COD, 96.3% removal of
terephthalic acid (TA), and 99.9% removal of benzoic acid
(BA). TA and BA were removed from the pretreated PTA
wastewater through precipitation and sedimentation of un-
dissociated acid molecules inside the mesopores of the BFA.
The results showed that the COD removed by the BFA follow-
ed pseudo-second-order kinetics. Equilibrium sorption data
were best correlated by the Freundlich isotherm. The process
of adsorptive removal of COD was found to be exothermic.
The change in the Gibbs free energy was found to be negative,
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suggesting that the adsorption process is spontaneous and fea-
sible for the treatment of PTA wastewater.
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Introduction

During petroleum and natural gas processing, a number of
aromatics are formed. One such aromatic compound, para
(p-) xylene is used as a feedstock for the manufacture of the
purified terephthalic acid (PTA). The PTA manufacturing con-
sists of two separate processes, the catalytic air oxidation of p-
xylene with bromine as a co-promoter to produce crude
terephthalic acid (TA) and the catalytic hydrogenation of the
TA and subsequent crystallization. PTA is the basic raw ma-
terial for the manufacture of polyester including polyethylene
terephthalate (PET) bottle resin, fiber, and polyester film. The
rest of the PTA is used in making terephthaloyl chloride, elas-
tomers, plasticisers, and liquid crystal polymers (Wittcoff
et al. 2004; Pophali et al. 2007; Verma et al. 2014a; Joung
et al. 2009).

The PTA manufacturing process produces 3 to 10 m’ of
wastewater per ton of PTA produced with a COD load of 5—
20 kg COD/m® of wastewater. This wastewater contains a
number of chemicals and aromatics. While benzoic acid
(BA), p-toluic acid, 4-carboxybenzaldehyde (4-CBA),
phthalic acid (PA), and terephthalic acid (TA) are the major
components, methyl acetate, 4-formylbenzoic acid, and p-
xylene are the minor components. About 70-80% of COD is
contributed by major components (Kleerebezem et al. 1999a,
1999b; Pophali et al. 2007; Zhang et al. 2010).

The PTA and its products affect adversely the human re-
productive and developmental systems. Some of the products
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such as phthalates, esters of PTA, and their intermediate deg-
radation products have teratogenic, carcinogenic, and
endocrine-disrupting properties (Hauser and Calafat 2005;
Heudorf et al. 2007; Swan 2008; Lyche et al. 2009; Meeker
et al. 2009). Due to the inherent toxicity of phthalates, it is
essential to treat the PTA wastewater so as to reduce its pollu-
tion load within the prescribed limit. The Ministry of
Environment and Forest (MoEF), Government of India, has
prescribed the effluent discharge limits from a petrochemical
plant into sewer system in terms of COD and biological oxy-
gen demand (BOD): COD <125 mg/L and BOD <50 mg/L.

The wastewaters containing hazardous substances have
been traditionally treated using various physico-chemical
treatment methods. The physico-chemical treatment processes
include adsorption (Tsang et al. 2008; Dulazi and Liu 2011),
coagulation and flocculation (Wen et al. 2006; Karthik et al.
2008; Verma et al. 2010), acid precipitation (Garg et al. 2010;
Verma et al. 2014a), and advanced oxidation processes (Park
et al. 2003; Thiruvenkatachari et al. 2007; Pillai et al. 2009;
Shafaei et al. 2010). The adsorption process is an efficient
treatment technique for the removal of many bio-recalcitrant
chemical substances. The adsorption process does not produce
any by-products during treatment, although the spent adsor-
bents need to be either regenerated for cyclic treatment or
disposed off and managed in an eco-friendly manner.

Various adsorbents which have been used in the treatment
of phthalates and their esters include modified activated car-
bon (Adhoum and Monser 2004), activated carbon cloth
(Ayranci and Duman 2006), chitosan and «-cyclodextrin-
linked chitosan beads (Chen and Chung 2006, Chen et al.
2007), granular activated carbons (GAC) (Tsang et al. 2008),
carbon having micropores (Long et al. 2009), different poly-
meric resins (Xu et al. 2011), and chitosan beads containing
immobilized lipase (Dulazi and Liu 2011). However, to the
best of the authors’ knowledge, only few studies have been
reported on the removal of TA from aqueous solution. Anbia
and Salehi (2012) synthesized polyelectrolyte-modified or-
dered mesoporous carbon (CMK1/PDDA) for the adsorptive
removal of 4-carboxybenzaldehyde, p-toluic acid, BA, PA,
and TA from PTA wastewater. TiO, nanoparticles were used
to remove TA by Caliskan et al. (2013).

A cost-effective adsorbent with high adsorption capacity,
fast kinetics with a simple regeneration and/or disposal meth-
od, can make the adsorptive treatment of PTA wastewater an
attractive proposition. Bio-waste materials like bagasse fly ash
(BFA) have proved to be very efficient adsorbents for the
removal of a number of hazardous components like phenol
and its derivatives (Srivastava et al. 2006a), pyridine and pic-
oline, and metal ions (Lataye et al. 2006, 2008).

This paper examines the effectiveness of BFA for the ad-
sorptive removal of pollutants (COD is taken as the gross
measure of pollution load in the present study) from PTA
wastewater. The PTA wastewater used in the adsorption
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studies was pretreated with sulfuric acid. The acidification of
several industrial effluents led to the precipitation of many
organic/inorganic components present in them with a COD
removal efficiency of >50% (Gilarranz et al. 1998; Rivas
et al. 2004; Garg et al. 2010; Verma et al. 2014a). The present
study concentrated on those variables which affect the COD
removal by the adsorptive treatment of PTA. The equilibrium
adsorption characteristics and kinetics have also been studied.
Freundlich, Langmuir, and Temkin equations have been used
to test their validity for the experimental equilibrium sorption
data. To understand the effect of COD concentration on the
isosteric heat of adsorption, thermodynamic studies were also
conducted. A comparative assessment of adsorptive perfor-
mance of BFA and GAC for the treatment of PTA wastewater
is also presented.

Materials and methods
PTA wastewater

The PTA wastewater treatment plant was used as the source of
PTA wastewater, collected from the flow equalization tank
unit. The PTA wastewater treatment plant was located in
Northern India. It was stored at 4 °C in the laboratory cold
storage and used as obtained.

Adsorbent

The BFA was collected from a nearby sugar mill (Northern
India), a steam-generating unit, and screened. This bio-waste
was cleaned of dirt by hot water washing and then sun-dried
and sieved through standard screens on a sieve shaker. The
fraction with an average particle size of 0.45 mm was used in
the experiments. Standard methods were used for the physico-
chemical characterization of BFA.

IS: 1350-1984, part I (standard procedure) was used to
carry out the proximate analysis of BFA. Solid addition meth-
od was used to determine the zero surface charge characteris-
tics of the BFA (Srivastava et al. 2006b). The surface func-
tional groups on the virgin BFA were studied by using Fourier
transform infrared spectroscopy (FTIR, Nicolet Avatar 370,
USA). The Boehm titration method was employed for the
quantification of the functional groups present on the virgin
BFA surface (Nevskaia et al. 2004).

The specific surface area of the BFA was found out by
nitrogen adsorption at 77 K using ASAP 2020 Physisorption
Analyzer (Micromeritics, USA). The pore size distribution
curve for BFA was determined using the BJH model (Barrett
etal. 1951).

Scanning electron microscopy (SEM) of the BFA was car-
ried out with a scanning electron microscope (LEO 435VP,
England) operating with an SEI detector. Energy-dispersive
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X-ray (EDX) spectroscopy (FE-SEM QUANTA 200 FEG)  calculated by using the following relationship:
was carried out to determine the elemental composition of
Co—C,
w

Experimentation

The pH of the wastewater was reduced to 4, 3, and 2 after
treating with 1 M H,SO, for 20 min with a constant stirring at
200 revolutions per minute over the temperature range of
288-323 K. This results in the precipitation of organics/
inorganics from the wastewater. Due to acid precipitation,
the concentration of TA, BA, and COD reduced from 299,
275, and 3530 mg/L to 27.3, 109.3, and 1650 mg/L, respec-
tively. The resultant mixture was filtered using a Whatman
filter paper, with a pore size of 11 um (Sigma Aldrich
7274852), and the filtrate was subsequently subjected to the
adsorption experiments. The details of acid precipitation are
reported elsewhere (Verma et al. 2014a).

At the optimum pH; and temperature 298 K, the BFA dos-
age was varied in the range of 540 g/L. The effect of pH; was
studied in the range of 2—10. The pH; of the adsorbate solution
was adjusted using either 1 M H,SO,4 or 1 M NaOH. Standard
methods were used for the analysis of various physico-
chemical parameters of the wastewater (APHA 2003). The
concentration of TA and BA was analyzed through HPLC
(Park et al. 2003). The pollution load of the wastewater and
the treated water was measured in terms of chemical oxygen
demand (COD) using a COD analyzer (Aqualytic, Germany).
The experiments were run in duplicate under the same exper-
imental conditions, and the average of the two experimental
runs is reported.

The absorptive COD removal was expressed in terms of
percentage COD removal using the following relationship:

Co—C,
0

%COD removal = x 100 (1)
where C represents the initial COD value (mg/L) and C, the
equilibrium COD value (mg/L).

Kinetic parameters were determined at an optimum dosage
of BFA and at optimum pH;. The amount of adsorbate
adsorbed, q, (mg/g), at any time ¢ was calculated as:

9y (2)

where COD value (mg/L) at time ¢ (min) is represented by C,,
volume of the solution (L) is represented by V, and mass of the
BFA (g) is represented by w.

To understand the effect of temperature on adsorption, iso-
thermal adsorption experiments were performed at 298, 308,
and 318 K with C, values ranging between 1650 and 165 mg/
L at optimum pH; and dosage of BFA for 3 h. The COD value
of supernatant at equilibrium (C,) was analyzed after the BFA
was separated from the wastewater. The q. (mg/g) was

where q. (mg/g) is the equilibrium adsorption uptake.

Adsorption kinetic model

The prediction of kinetics is important for the prediction of
adsorption rates and for the designing and modeling of the
adsorbers. The pseudo-first-order model, pseudo-second-
order model, and the intraparticle diffusion model were used
to determine the mechanism of adsorption and potential rate
controlling steps (Srivastava et al. 2006a; Srivastava et al.
2006b). Since the experiments were performed at 200 rpm,
the external mass transfer effects were assumed to be absent.

Adsorption kinetic data could be treated by models given
by Boyd et al. 1947, which is valid under the experimental
conditions used. For adsorption particles of spherical shape,
the solution of the simultaneous differential and algebraic
equations leads to

6 =1 —27%tD,
F(t) = l_ﬁ zg‘l Z—zexp [T} (4)

where F(t) = q/qe, R is the radius of the BFA (m), D, is the
effective diffusion coefficient of COD in the BFA (m?/s), and
z is an integer.

For the whole range of the F(t) from 0 to 1, Vermeulen
(1953) gave an approximate equation as:

E(t) = {l—exp (_”:f)‘f )} - (5)

a

This equation could further be simplified as:

1 ] _ 72D, (©)

1
“L—(t)Fz R

where D, can be determined from the slope of plot between
In[1/(1-F?(t))] and ¢.

Adsorption isotherm equations

The equilibrium adsorption data were plotted so as to deter-
mine the adsorption capacity of the BFA. The Langmuir,
Freundlich, and Temkin isotherm equations were used to
check their validity. These model equations, their parametric
values and the deviations in terms of correlation coefficient,
#*, and the error function, residual sum of squares (RSS) are
given in Table 4. The isotherm details and the significance of
parameters are discussed elsewhere (Srivastava et al. 2006a;
Verma et al. 2014a).
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Adsorption thermodynamics

Using the change in the adsorption equilibrium constant (Kp)
with T and the thermodynamic relations, one can calculate
Gibbs free energy change (AG?), entropy change (AS®), and
enthalpy change (AH®), as given below:

-AG’  AS” AH°

anD =
RT R RT

(7)

where T is the absolute temperature (K), R the universal gas
constant (8.314 x 10> kJ/mol K), AG® the Gibbs free energy
change (kJ/mol), AH? the change in enthalpy (kJ/mol), AS°
the entropy change (kJ/mol K), and Kp (=q./C.) the single
point or linear sorption distribution coefficient. The changes
in the enthalpy (AH®) and entropy (AS®) were obtained from
the plot between In Kp and 1/T (Srivastava et al. 2006a).

Isosteric enthalpy of adsorption

The Clausius-Clapeyron equation was used to determine the
apparent isosteric heat of adsorption (AHy,) at constant sur-
face coverage (q.)

dinC, —-AHg,
= ’ 8
dT RT? ®)
dinC
AHg, = R——|qe 9)

1
T
The adsorption isotherm data at various temperatures can

be used to determine the equilibrium concentration (C,) for a
specified value of adsorbed COD (Srivastava et al. 2007).

Result and discussion

A detailed discussion about COD, TA, and BA removal from
PTA wastewater through acid precipitation is given elsewhere
(Verma et al. 2014a). The concentration of the major compo-
nents, TA and BA, in the acid-pretreated wastewater was
found as TA = 27.3 mg/L, BA = 109.3 mg/L, and the
COD = 1650 mg/L.

Characteristics of BFA: surface functional groups,
structural morphology, texture, and porosity

The capacity of an adsorbent is strongly affected by the chem-
ical structure of the surface of the adsorbents. Boehm titration
was used to acquire the amount of numerous functional
groups present on the surface of BFA (Boehm 1966), and
the results are provided in Table 1. The method proposed by
Zhuravlev (Zhuravlev 1987) to determine the density of
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Table 1  Functional groups on the surface of the adsorbents quantified
by Boehm’s titration

Concentration of functional groups on surface (mmol/g) ~ BFA

Basic groups 1.18
Carboxylic group 0.03
Lactonic group 0.08
Phenolic group 0.02
Surface area concentration of functional groups (no. of molecules/m?)
Basic groups 84 x107°
Carboxylic group 2.15%x 107
Lactonic group 575 %107
Phenolic group 144 x 107

various functional groups present on the surface of BFA was
used in the present study. It was observed that both the basic
and acidic functional groups were present on the BFA. The
adsorption properties depend on the relative concentrations
and properties of these functional groups. The results of
Boehm titration show that the BFA is highly basic in nature
(Table 1).

The presence of various functional groups on the surface of
BFA is shown in FTIR spectra shown in Fig. 1. A broad band
between 3200 and 3600 cm ' indicates the presence of OH
groups, both free and hydrogen bonded. This broad band in-
dicates that the BFA surface has both the water and SiOH
(silanol groups) (Abou-Mesalam 2000). Weak bands at 2920
and 2831 cm ™! indicate the asymmetric and symmetric C-H
stretching of methylene groups, respectively. The presence of
carbonate is indicated by the location of band at 1872 cm .
N-H in-plane bending of amide II functional group is repre-
sented at wavenumber 1580 cm . The presence of the band at
1380 cm™ ' shows the existence of carboxyl-carbonate struc-
tures. A strong band concentrated around 1093 cm™ " indicates
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&
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£ 254 “ I l
E ol = a g
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£ ] E: a =g |
= | g .
. 15 o
& o g o~
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Fig. 1 FTIR of blank BFA



Environ Sci Pollut Res (2017) 24:1953-1966

1957

the presence of inorganic silicates. A sharp band at 785 cm ™'

is due to the presence of Si—C. The presence of inorganic SO,
~ion is depicted by the presence of a band in a 617-cm ™’
region (Stuart 2004, Smith 1998).

Nitrogen adsorption/desorption isotherms and the surface
area characteristics for the BFA are provided in Fig. 2a. The
apparent surface area was found to be 82.4 m*/g, and the
adsorption average pore width (4 V/A by BET) of BFA was
found to be 28.48 A. In the case of BFA, a hysteresis loop,
which closes at a relative pressure around 0.4 (a type IV iso-
therm), is found. This indicates mesoporosity (Gregg and Sing
1982). From the isotherms, it can be inferred that the BFA
have some microporosity in addition to mesoporosity.

Using the Harkins-Jura thickness equation (Harkins and Jura
1944), the analysis of the t-plot for BFA provides a micropore
volume of 0.02 cm*/g and a micropore surface area of 40.4 m*/g.
This indicates that less than ~50% of the total apparent surface
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Fig. 2 a Nitrogen adsorption and desorption isotherms at 77 K. b BJH
differential pore volume distributions for BFA

area of the BFA comprises of micropores. The BJH analysis of
BFA indicates the presence of mesopores (Fig. 2b).

SEM micrographs of the blank BFA (Fig. 3a, b) display two
different types of structures: (1) a fibrous structure which is
carbon rich and (2) a SiO,-rich globular structure. After adsorp-
tion, the surface roughness of the carbon-rich BFA particles and
silica globules increases due to the presence of colloids and
particles in the wastewater (Fig. 3c). The EDX analysis of the
BFA shows that silica and oxygen are present in a maximum
amount followed by carbon. After the adsorption, the carbon and
oxygen content of the loaded/spent BFA increased (Table 2).
The proximate analysis of the BFA showed that it contains
4.6% moisture, 70.7% ash, 5.9% volatile matter, and 18.8%
fixed carbon. The high concentration of ash shows that the
BFA is basic in nature (pHpzc = 8.7). The combustion of ba-
gasse produces BFA having different amounts of carbon and
silicon dioxide. The higher the temperature of the combustion,
the lower will be the amount of the residual carbon. When the
sample is heated at temperatures over 400 °C, nearly all of the
carbon content is lost (Worathanakul et al. 2009).

Adsorption studies
Effect of initial pH

Batch adsorption studies were conducted with filtrate
(COD = 1650 mg/L) at different initial pH (2 < pH; < 10).
Figure 4 shows the influence of initial pH (pH;) of the filtrate
on the COD removal with BFA at a dosage of 10 g/L, contact
time ¢ = 3 h, and at temperature = 298 K. Initial experimental
runs showed that the COD removal from the wastewater did
not increase significantly beyond 3 h of contact time with
BFA. Therefore, a contact time of 3 h was determined as the
time for adsorption equilibrium. At pH; = 4, the COD removal
efficiency of 58.2% was obtained.

The solution pH affects the degree of ionization and specia-
tion of various compounds present in the wastewater. The pKa
are 3.51 and 4.82 for TA, 4.2 for BA, and 4.36 for p-toluic acid.
At pH; 4, TA and BA will be present as un-dissociated acid
molecules. EDX analysis shows the presence of silica, calcium
oxide, and aluminum oxide in the BFA (Table 2), which affect
the BFA surface charge characteristics. The interaction between
mineral oxides and water can be shown as follows:

M—-OH + H"—>M-OH; (10)
M-OH + OH —M-0 + H,0 (11)

where M may be Al, Ca, and Si. The pHpyc of SiO, is 2.2.
However, the pHp (pH at the point of zero charge) is 8.3 for
Al,O5 and 11 for CaO (Srivastava et al. 2006a). The adsorp-
tion of cations from the wastewater is favored when pH of
wastewater is more than pHp,c of BFA, while the adsorption
of anions is favored at pH less than pHpzc. A change in pH of
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Fig. 3 SEM micrographs. a, b
Blank. ¢ Loaded BFA at 1000x
magnification

HV ‘ Mag WD Det| HFW
20.0 kV|1000x|10.3 mm|LFD|0.15 mm

HV

20.0 kV| 1000x/|9

the solution affects the adsorption process through dissocia-
tion of functional groups on the active sites of the surface of
the BFA. The pHpy for BFA is 8.7. Thus, BFA is positively
charged, as pH; < 8.7. Thus, the electrostatic forces of attrac-
tion come into play between the negatively charged particles
or colloids present in the wastewater and the positively
charged surface of the BFA. Since the adsorption was con-
ducted at a pH; lower than pKa of the solutes (TA, BA, and p-

Table 2 EDX analysis of the BFA

Element (wt%) Blank BFA Loaded BFA
C 10.3 19.3

N 22 2.7

(0] 28.3 30.1

Al 1.9 2

Si 48.9 41.9

S 1 0.54

K 43 1.6

Ca 2.2 0.7

Fe 1.1 1.9
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toluic acid), the dispersive and dipolar interactions are the
major adsorption forces, with the dipolar interaction being
predominant (Jia et al. 2002; Haghseresht et al. 2002). As
the initial pH of the wastewater was increased to the range
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Fig. 4 Influence of initial pH on COD removal (BFA dosage = 10 g/L,
contact time = 3 h, initial COD; = 1650 mg/L, and temperature = 298 K)
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6-10, no significant uptake of organics/inorganics from PTA
wastewater was observed. As the pH; of the system increased,
the number of negatively charged sites increased and the num-
ber of positively charged sites decreased on the surface of
BFA. A negatively charged surface site on the BFA did not
favor the adsorption of anions due to electrostatic repulsion.
This resulted in decreased adsorption of PTA wastewater com-
ponents at pH range 6—12 in comparison to the removal at pH
4. Adhoum and Monser (2004) also made similar observations
for the adsorption of PA by modified activated carbon. The
system pH changes very little upwards during the adsorption
process, and the equilibrium pH,4 remains almost the same as
the pH; value in the range of (2 < pH; < 10) (Fig. 4).

The experiments were performed at the optimal pH; 4,
which is well below the pHp,c of BFA. Therefore, more pro-
tons are contributed by the acidic PTA wastewater than hy-
droxide groups. A positive charge is generated on the BFA
surface due to the attraction of protons to it. Due to the elec-
trostatic attraction, the negatively charged particles from the
wastewater get attached to the BFA. This results in a slight
increase in the pH of the wastewater after adsorption.

Effect of BFA dosage

The influence of adsorbent dosage (w) on the removal of COD
from the wastewater was studied in the range of 540 g/L with
an initial COD of 1650 mg/L and at pH; = 4 and temperature
298 K. As the dosage of BFA was increased from 5 to 15 g/L,
an increase in the COD removal was observed. As a high
number of vacant adsorption sites are available at a high w,
adsorptive removal of COD from PTA wastewater gets in-
creased. However, beyond 15 g/L. dosage of BFA, the COD
removal decreased (Fig. 5a). This decrease in COD removal is
mainly because of the adsorption sites remaining saturated
during the adsorption process and the aggregation due to
particle-particle interaction.

At the optimum adsorption treatment conditions, the COD of
PTA wastewater gets reduced from 1650 to 690 mg/L, and the
concentration of TA and BA get reduced from 27.3 to 1.01 mg/L
and 109.3 to 0.06 mg/L, respectively. Thus, the adsorptive treat-
ment of acid-pretreated PTA wastewater by BFA showed 58.2%
removal of COD, 96.3% removal of TA and 99.9% removal of
BA. This proves that the BFA is an effective adsorbent in re-
moving TA and BA from the PTA wastewater.

Effect of contact time

Figure 5b shows the plot of COD removal versus contact time.
It is found that the change in COD removal is not significant
after 3 h of adsorption. A fast uptake of PTA wastewater com-
ponents was seen during the initial 60 min for BFA, during
which ~58% COD is removed. This fast uptake indicates the
effectiveness of the BFA in COD removal. Initially, the
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Fig. 5 Effect of a dosage and b contact time on COD removal by BFA
(w = 15 g/L for BFA, pH; = 4.0, initial COD; = 1650 mg/L, and
temperature = 298 K)

% COD removal

100 200 300 400 500

surface of BFA has a large number of unoccupied sites for
the adsorption. Thereafter, the repulsive forces between the
PTA wastewater (bulk liquid phase) and the wastewater com-
ponents (TA, BA, p-toluic acid, acetic acid, etc.) on the surface
of BFA become progressively stronger with time, making the
occupation of vacant surface sites difficult. The resistance to
transfer of PTA wastewater components from the bulk solu-
tion to the BFA pores also increases as they have to cover a
larger transport path deeper into the pores. This increasing
resistance retards the adsorption process at the later stages.

Adsorption kinetics
The frequently used kinetic models, viz. pseudo-first-order,

pseudo-second-order, and the intraparticle diffusion models,
have been tested to investigate the COD adsorption kinetics
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Table 3  Kinetic parameters for the COD removal by BFA (¢ = 3 h, COD; = 1650 mg/L, w = 15 g/L)
Pseudo-first-order model (non-linear fitting)
Qc(expy (Mg/g2) Qc(eate) (M/g) Ky (minil) " RSS
BFA 64 60.4 2.8 0.96 42.7
Pseudo-second-order model (non-linear fitting)
Qe(eate) (ME/L) K, [g/(mg min)] h [mg/(g min)] ” RSS
BFA 62.5 69x107* 2.9 0.99 34
Intraparticle diffusion model (non-linear fitting)
Kia1 [mg/(g min”z)] Intercept 1 ” RSS Kigz [mg/(g min”z)] Intercept 11 ” RSS
BFA 0.23 29.69 0.994 2.67 2.5 63.5 0.99 75x107°

on BFA. The fitting of the experimental sorption data to the
kinetic models was evaluated using the error analysis. To de-
termine the best fit of the studied kinetic models to the COD
adsorption data, correlation coefficient (Rz) and the residual
sum of the squares of the errors (RSS) were examined. The
values of R? and RSS are provided in Table 3.

The experimental adsorption data was found to be the poor
fit to the pseudo-first-order-rate equation as shown in Fig. 6a
and Table 3. The pseudo-first-order-rate equation is normally

confined to the initial stages of adsorption process. The appli-
cation of this model for the longer adsorption periods and
higher segmented surface coverage needs further modifica-
tions (Srivastava et al. 2006b). These factors contributed to
low correlation coefficients and high RSS for BFA. Hence, the
pseudo-first-order kinetics was rejected.

Figure 6a and Table 3 depict the non-linear fitting of ex-
perimental data with a pseudo-second-order kinetic equation.
The pseudo-second-order-rate equation also yielded the

Fig. 6 Adaptation of 80 80
experimental data on COD 70
adsorption onto BFA to the a 701
pseudo-first-order, b pseudo- 60 4 ® 60 4
second-order, and ¢ intraparticle
diffusion model (¢ =3 h, 50 . 509
COD; =1650 mg/L, w=15 g/L o) g 40
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model-calculated qe (calc) Values close to the obtained experi-
mental qe (exp) results. For pseudo-second-order kinetics, the
value of R? is found to be close to unity and the RSS values are
quite small. Therefore, the pseudo-second-order model best
represents the sorption kinetics.

The transport of PTA wastewater components from the
bulk liquid phase to the vacant adsorption sites of BFA is a
multistep activity. Therefore, it is essential to recognize the
slowest rate controlling step. In the rapidly stirred batch ad-
sorption experiments, the boundary layer resistance dimin-
ishes. This creates a trivial difference between the concentra-
tion of wastewater components at the surface of the BFA and
in the bulk solution (Srivastava et al. 2006b). Thus, the exter-
nal mass transfer resistance can be neglected.

Figure 6¢ shows the fitting of experimental data to the
intraparticle diffusion model. The data does not show a linear
trend throughout the studied time period and also did not trans-
verse the origin. The first linear portion of the graph depicts
macropore/mesopore diffusion while the micropore diffusion is
represented by the second linear portion of the graph. In the
distinct regions of the graph, the rate of adsorption is

characterized by the rate parameters Kiq; and K;q. These rate
parameters are defined by the slope of the linear portions of the
graph. The intercepts of the extrapolated linear portion of the
graph signify the boundary layer thickness. The larger the inter-
cept, the greater is the boundary layer effect. The deviation of
straight lines from the origin indicates that pore diffusion is not
the sole rate controlling step in this adsorption process. The
effective diffusivity, D, for various contaminants (represented
by COD) on BFA is found to be 6.35 x 10~ m?/s.

Adsorption isotherm study

The effect of temperature on the adsorption capacity of the BFA
for PTA wastewater components was studied in the temperature
range of 298 to 318 K. As the temperature increased, a decrease
in adsorptivity of PTA wastewater components on BFA was
observed. With an increase in temperature, the intermolecular
forces between the adsorbate and the active sites of the solid
surface become weak. Along with this, the dissolution of some
of the components of PTA wastewater increases. Thus, the in-
teractive forces between the water and PTA wastewater

Fig. 7 Equilibrium adsorption 25 25
isotherm: amount of COD » BFA298K
adsorbed on the adsorbent (q.) P BFA 298K : ggi g‘;gﬁ
versus residual COD 204 : g;: gggg 20
concentrations (C,): a Langmuir
isotherm, b Freundlich isotherm, —_ —_
and ¢ Temkin isotherm models i” 151 i” 15+
(t=8h, COD; = 165-1650 mg/L, g’ g’
BFA dosage = 15 g/L) = =
» 10+ - 10
(=l =
7
54 5
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components become stronger in comparison to those between
the BFA and PTA wastewater components. Therefore, a de-
crease in the adsorption of PTA wastewater components is evi-
dent with an increase in temperature. This effect indicates the
exothermic nature of the adsorption process.

COD adsorption isotherm data starting at different COD con-
centrations were investigated to fit the isotherm models of
Langmuir, Freundlich, and Temkin. The non-linear fit of these
isotherm equations is shown in Fig. 7. These data were obtained
by COD measurement after 3 h of contact time. Table 4 shows
R? and RSS values for the Langmuir, Freundlich, and Temkin
isotherms. The values of R? and RSS demonstrate a very good
fit of the Freundlich isotherm model with the experimental data
(Table 4). This shows that the BFA surface exhibits heterogene-
ity of the adsorption sites. This is also supported by the fact that
the Langmuir isotherm, which is applicable for the homoge-
neous surface, does not fit well with the experimental adsorption
data. The value of 1/n was found to be less than 1 for the
Freundlich isotherm in the temperature range 298-318 K, favor-
ing the occurrence of adsorption. However, the value of 1/n was
found to increase from 0.26 to 0.48 as the temperature increased
from 298 to 318 K. The value of Ky decreased with an increase
in temperature. The exothermic nature of the adsorption process
is exhibited by an increase in value of 1/n and a decrease in value
of K. When the equilibrium concentration of adsorbate in liquid
phase approaches C,, the maximum adsorption capacity of BFA
would be Ky Co'"™. In single stage adsorption, Kr C.'™ denotes
the equilibrium adsorption capacity of BFA. The ratio of the
maximum equilibrium adsorption capacity of BFA was (Cy/
Co)'™ which reaches up to 1.3. This shows the efficiency of
BFA in adsorptive removal of PTA wastewater components.

Estimation of thermodynamic parameters for adsorption

The thermodynamic parameters such as AG°, AH®, and AS°
for the adsorption of PTA wastewater on BFA were also cal-
culated. A decrease in AG® was observed as the temperature
increased (—1.4286,—0.8061, and —0.0263 kJ/mol at 298, 308,
and 318 K, respectively). This indicates that the driving force
responsible for adsorption has lowered resulting in the lower-
ing of the adsorption capacity. The negative value of AG°
signifies that the sorption of wastewater constituents by BFA
is spontaneous and feasible. The entropy change was also
found to be negative (AS° = —69.94 J/mol K). This indicates
that at the solid/liquid interface, the degree of freedom de-
creases during the process of adsorption. The entropy of the
solute due to adsorption is always negative. During adsorp-
tion, there is a rearrangement of water molecules enclosing the
hydrophobic molecules. This rearrangement increases the sys-
tem randomness, and the entropy of the PTA wastewater com-
ponents lowers more than the increase in the entropy of the
whole system. Therefore, the value of AS° is found to be
negative. The negative value of enthalpy change

@ Springer

Table 4  Isotherm parameters for the removal of COD by BFA (=3 h,
COD; = 1650-165 mg/L, w =15 g/L)

Langmuir isotherm

ge = T
T (K) K (L/mg) Qm (mg/g) ” RSS
298 1.1x1072 26.9 0.97 0.12
BFA 308 7.6 x 107 143 0.98 0.4
318 48 %1073 10.5 0.98 24
Freundlich isotherm
g, =KpCl"
TX) K ((mg/g)/(L/mg)) I/n ” RSS
298 1.78 0.26 0.998 53x1072
BFA 308 137 0.34 0.994 0.14
318 1.01 0.48 0.994 0.16
Temkin isotherm
ge =%1In(C.K7) = BrIn(C.KT)
T (K) K (I/mg) Br (kJ/mol) 2 RSS
298 0.19 5.96 0.971 2.8
BFA 308 8.01 x 1072 3.06 0.992 0.16
318 46x1072 1.96 0999 83x10°

where ¢ is the equilibrium adsorption uptake (mg/g), Ky is the Langmuir
adsorption constant, q,, signifies the adsorption capacity (mg/g), K. is the
Freundlich constant, 1/n is taken as the heterogeneity factor, B is related
to the heat of adsorption, and Kr is the equilibrium binding constant

(AH® = —22.3 kJ/mol) establishes the exothermic nature of
the adsorption process. In physisorption, the range of adsorp-
tion energy is 5-10 kJ/mol. However, the range of adsorption
energy is 30—70 kJ/mol for molecules and 100—400 kJ/mol for
atoms in chemisorption process (Murzin and Salami 2005).
The AH? value of —22.3 kJ/mol for the present case is, per-
haps, an indication of the occurrence of multilayer adsorption
on the BFA surface. This also indicates that in the present
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Fig. 8 Determination of isosteric enthalpy of adsorption for BFA at
different q.
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study, the adsorption process cannot be considered completely
either as physisorption or chemisorption. Thus, some different
or a complex adsorption process may be occurring in this
system (Mattson and Mark 1971).

Isosteric heat of adsorption

Figure 8 shows the isosteres corresponding to various q.. The
value of AHg, does not significantly vary with the surface
loading. At q. (mg/g) values of 60, 30, 13, 6, 5, and 3, the
AHg, (kJ/mol) was found to be —22.1, —21.5, —21.1, —19,
—18.98, and —18.8, respectively. This indicates that the surface
of BFA is an energetically heterogeneous surface. This was
also established by the best-fitting of the Freundlich model

Table S  Comparative assessment of COD removal from PTA wastewater

with isotherm data. The negative values of AH , indicate that
adsorption process is exothermic in nature. An increase in
AHg, , value with an increase in g, value was observed. At a
low C, value, there will be a direct interaction between the
PTA wastewater components and BFA. Also a conducive
adsorbate-adsorbate lateral interaction results in an increase
in isosteric heat of adsorption (Al-Muhtaseb and Ritter 1999;
Li et al. 2002; Martinez and Stern 2002).

Disposal of loaded BFA

BFA is available almost at no cost in comparison to other
adsorbents such as activated carbon. Therefore, the regenera-
tion of the exhausted BFA is not advised. The high silica

Properties Adsorbents
GAC (Verma et al. 2014b) BFA
Surface characteristics
pHpzc 8.5 8.7
Nature Basic Basic
BET surface area(mz/g) 134.6 82.4
t-plot micropore area (m?/g) 94.1 404
t-plot micropore volume (cm*/g) 0.0487 0.0241
Mesopore volume (cm>/g) 0.0284 0.0319
Adsorption average pore width (4 V/A by BET) A 24.4 28.5
Particle size (mm) 1.5 0.45

FTIR analysis

Optimum treatment conditions

Adsorbent dosage (g/L)
Temperature
pH

Adsorption kinetics and isotherms

Best fitted kinetic model
Best fitted isotherm model
Overall adsorption process

q. (mg/g)
Maximum equilibrium adsorption capacity(C0/Ce)

Removal at optimum treatment conditions

Initial
COD (3530 mg/L) 1650
TA conc. (299 mg/L) 27.3

BA conc. (275 mg/L) 109.3

Disposal of loaded adsorbents

After acid precipitation (mg/L)

Inorganic silicates, OH groups, silanol
groups, primary amine, y (CO),
aromatic compounds

20
Ambient
4.0

Pseudo-second-order
Freundlich

Spontaneous and exothermic
52.5

1.22

Adsorption (mg/L) % removal
610 63%

0.45 98.3%
0.01 99.9%

Free and hydrogen-bonded OH groups,
inorganic silicates, silanol groups,
carboxyl-carbonate structures, aliphatic
phosphorus, inorganic SO,*~ ion

15
Ambient

4.0

Pseudo-second-order

Freundlich

Spontaneous and exothermic

62.5

1.3

Adsorption (mg/L) % removal
690 58.2%
1.01 96.3%
0.06 99.9%

Regeneration, finally used after filtration No regeneration. After filtration and drying,

and drying as a co-fuel. Heating
value = 9.10 MJ/kg

either as a co-fuel or used in production of
ceramic products and partial portland cement
replacement
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content (as shown in EDX analysis) in the loaded BFA makes
it a suitable raw material for making ceramic products such as
insulation materials, membrane filters, and structural ce-
ramics. Loaded BFA can also be added in mortar and concrete
as a mineral blend. Some properties of the cementitious ma-
terials can be improved by partial replacement of portland
cement with loaded BFA (Cordeiro et al. 2008).

Comparative assessment of COD removal efficiency
of BFA with GAC from PTA wastewater

A comparative assessment of COD removal from PTA waste-
water through BFA and GAC is provided in Table 5. Both the
GAC and BFA are basic in nature. While the BFA displays a
mesoporous structure, the GAC shows a microporous struc-
ture. At optimum adsorption treatment conditions, 63% re-
moval of the COD was observed with GAC and 58.2% with
BFA. Concentration of TA after adsorption was found to be
0.45 mg/L with GAC and 1.01 mg/L with BFA. The concen-
tration of BA after adsorption with GAC and BFA was found
to be 0.01 and 0.06 mg/L, respectively. This shows that the
treatment of PTA wastewater by acid precipitation followed by
adsorption results in 98.3 and 96.3% reduction in the concen-
tration of TA and 99.9% reduction in the concentration of BA
using GAC and BFA, respectively. This demonstrates that the
adsorption efficiency of BFA is comparable to that of GAC.
Thus, the BFA, being accessible almost at no cost and in
abundance, has the advantage over GAC for PTA wastewater
treatment (Verma et al. 2014b).

Two studies are reported in literature on the adsorptive
removal of TA from synthetic wastewater. Anbia and Salehi
(2012) found that the adsorption capacity (q.) of
CMK 1/PDDA (surface area = 658.4 m?/ g) for TA was 142.7
(mg/g) and 95.12 (mg/g) at the adsorbent dosage of 0.2 and
0.8 g/L, respectively. Caliskan et al. (2013) reported a very
low adsorption capacity of 6.93 and 2.84 mg/g by TiO, and
Ti0,-Si0, for TA, respectively. In the present study, the ad-
sorption capacity of BFA was responsible for more than 95%
removal of TA and BA and 58.2% removal of COD from the
acid-pretreated PTA wastewater. The high removal of TA and
BA make this wastewater suitable for biological treatment.
These studies indicate that the BFA is a promising bio-waste
material due to its reasonable adsorption capacity for the com-
ponents of PTA wastewater.

Concluding remarks

BFA is found to be an effective adsorbent for the residual
recalcitrant pollutant fraction of the PTA wastewater after acid
pretreatment. At the optimum treatment conditions, COD is
reduced by 58.35% with a 96.3% reduction in TA concentra-
tion and 99.9% reduction in BA concentration. The
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Freundlich isotherm model was found to be the best fitted
model for the adsorption of PTA wastewater components on
to the BFA, and the adsorption process was exothermic and
spontaneous in nature. These experimental results accentuate
the possibility of application of BFA as an adsorbent for the
wastewater treatment.

A comparative assessment of the removal efficiencies of
GAC and BFA revealed that the concentration of TA after
adsorption was found to be 0.45 and 1.01 mg/L, respectively.
The concentration of BA after adsorption with GAC and BFA
was found to be 0.01 and 0.06 mg/L, respectively. The ratio
(CO/CC)I/ " (maximum equilibrium adsorption capacity) was
found to be 1.22 and 1.3 for GAC and BFA, respectively
(Verma et al. 2014a). This indicated that both the GAC and
BFA are comparable for their ability to absorb the components
of PTA wastewater.
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