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Abstract

Most industrial waste discharges are often contaminated with phenolic compounds, which constitute a major source of
water pollution owing to their toxicity and low biodegradability. Development of cost-effective treatment of such indus-
trial wastewater is therefore of paramount importance. Towards this end, we explore the efficacy of Pine bark powder
(PBP), which is an agricultural solid waste material, as a low-cost biosorbent without any pre-treatment, for the adsorp-
tive removal of 2,4,6-trichlorophenol (2,4,6-TCP) from aqueous media. The PBP was thoroughly characterized and the
effect of important adsorption parameters were examined in the present investigation. The batch equilibrium data were
analyzed using well-known isotherm models. Freundlich isotherm model provided the best description of the equilibri-
um biosorption behavior. At 25 + 1 °C, the maximum biosorption capacity (g, ) was 289.09 mg/g, which is higher than
most biosorbents reported in the literature while the removal as high as 97% was obtained. Moreover, the biosorption
process was fast, attaining equilibrium in less than 120 min of contact. The Elovich model accurately described the kinet-
ics data. In view of high biosorption capacity and fast removal rates, PBP can be used for an efficient and cost-effective

treatment of 2,4,6-TCP contaminated wastewater.
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1. Introduction

Water pollution is a major global environmental con-
cern that requires immediate attention and sustainable so-
lutions. Its main sources are untreated industrial effluents
that release wastewater contaminated with VOCs, metal
ions, and phenolic compounds into the environment.'
Among these pollutants, phenolic derivative 2,4,6-Trichlo-
rophenol (TCP), is a known toxin owing to its positioning
of the chlorine atoms (at position 2, 4 and 6) in the phenol
ring.? Often, industrial waste-water from paints, pharmace-
uticals, pesticides, wood, pulp and paper industries are hea-
vily contaminated with chlorophenols,** which require pre
-treatment before discharging into the environment. Howe-
ver, the structural stability and persistence of 2,4,6-TCP
makes its removal quite challenging.” The position of chlo-
rine atoms relative to the hydroxyl group and the stable car-
bon-chlorine bond and are responsible for its toxicity.
Exposure of humans to 2,4,6-TCP via inhalation leads to

respiratory problems, altered pulmonary function and pul-
monary lesions. Besides, even low concentrations (0.1
mg/L) of chlorophenols give undesirable palatability to the
potable water.® Both IARC (International Agency for Rese-
arch on Cancer) and United States Environmental Protecti-
on Agency (USEPA, 1999) classify 2,4,6-TCP as a probable
carcinogen to humans under group B2’

For the removal of 2,4,6-TCP from the waste-water,
several techniques, e.g. chemical-biological oxidation, mi-
crobial degradation, photocatalytic, ion exchange resins,
catalytic oxidation processes have been suggested in the
literature.®!* However, most separation techniques are of-
ten expensive, necessitating the development of alternative
treatment technology that is both efficient and affordable.
Biosorption is a cost-effective, efficient, and environmen-
tally friendly technique that is fast emerging as an alterna-
tive to conventional separation techniques.’? This led to
the investigation of sorption capacities of lignocellulosic
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residues and agricultural wastes, which are abundantly av-
ailable and do not require regeneration due to their low
cost.** Owing to abundance and ease of availability, Pine
bark can prove to be a cost-effective alternative to other
adsorbents used for wastewater treatment. In fact, the Pine
bark was found to be effective in the removal of phenolic
compounds (Phenol, 2-Chlorophenol and 4-Chlorophe-
nol).” Pine (Pinus densiflora) belongs to the family pina-
ceae, and is commonly found around the world.

In the current study, we have investigated the efficacy
of the low-cost PBP adsorbent for the treatment of
wastewater contaminated with 2,4,6-TCP. In the following,
we first describe the synthesis of the PBP, followed by its
rigorous characterization using BET surface area, FTIR
spectroscopy, XRD, SEM, and elemental analysis to deter-
mine the carbon, hydrogen, and nitrogen (CHN) and the
presence of various functional groups. The effect impor-
tant adsorption parameters, such as the solution pH, bio-
sorbent dosage, initial adsorbate concentrations and the
contact time are examined on the uptake efliciency of the
PBP. Both experimental kinetic and equilibrium data were
processed with the help of well-known theoretical models.
Finally, the removal efficacy of the present biosorbent is
compared with other adsorbents reported in the literature.

2. Materials and Methods
2. 1. Materials

Chemicals and other materials were obtained from Al-
drich (St. Louis, USA). These chemicals were not purified pri-
or to use. The chemical formula of 2,4,6-TCP is C H,CLO. Its
molecular weight is 197.46 g/moL. 1.0 g of 2,4,6-TCP was
dissolved in 1 litre of double distilled water to prepare the
stock solution, which was used to prepare different solutions
in the concentration range of 100-400 mg/L. We adjusted the
solution pH by adding 0.1 M NaOH and 0.1 M HCl solutions.

2. 2. Preparation of Pine Bark Powder
Biosorbent

The first step consisted of removing the dust and dirt
particles from the pine tree bark by washing with distilled
water. It was then dried at 60 °C for 48 h. Next, it was ground
using a laboratory mill and sieved to obtain powder with nar-
row particle size distribution, which varied from 55 to 75 pm.
In order to remove the lignin content of the powdered sample,
it was soaked in 0.1 M NaOH followed by 0.1 M H,SO,. It was
again washed using distilled water then oven dried at 70° ~
80 °C for 6 ~ 9 h followed by cooling at ambient conditions.
This final product was named ‘PBP’ (Pine bark powder).

2. 3. Batch Adsorption Studies

Biosorption experiments were conducted using 125
mL conical flasks containing 0.1 g of the biosorbent and

100 mL 2,4,6-TCP solutions with initial concentrations va-
rying from 100 to 400 mg/L. The samples were stirred on a
shaking water bath temperature controller (25 + 1 °C at
220 rpm) till equilibrium was attained. The pH was varied
from 2.0-10.0 in the present study. The slurry was filtered
using ashless Whatman No.50 filter paper (2.7 um size
particle retention) to obtain the supernatant solution. UV-
Vis spectrophotometer (Shimadzu UV-1601 Spectropho-
tometer, Japan) was used to determine the concentrations
of 2,4,6-TCP in the supernatant solutions at the wave-
length of 296 nm. The amount of 2,4,6-TCP sorbed onto
the PBP, g, (mg/g), was computed using the following ma-
terial balance relationship,

(Cp-C )V (1)

{ ’:
e W

where, C_and Care equilibrium and initial concentrations
of 2,4,6-TCP in the solution (mg/L), respectively. W is the
PBP mass in mg and V is the solution volume in L. During
the batch kinetics studies, the 2,4,6-TCP uptake at a given
time t, g, (mg/g), was computed using,

g, =V(Cy-C,)/W (2)

where C, (mg/L) is the concentration of the adsorbate at
time, t (min). The 2,4,6-TCP removal was computed by,

Cqy-C,
Removal(% )= -(-—ﬂé'—--‘--—)-x 100 (3)

3. Results and Discussion
3. 1. Characterization of PBP
The adsorbent was characterized to determine ash

content, CHN, moisture content, surface properties, and
bulk density. These results are shown in Table 1.

Table 1. Elemental analysis, physical and surface characterization of
PBP

Parameter Value
Odor None
Color Light Brownish
Moisture content (%) 5
Apparent (bulk) density (g/cm?) 0.318
Weight loss (%) 42.6

Ash content (%) 5.62
Multi point BET surface area (m?*/g) 1.410
BET surface area (m?/g) 0.104
Pore radius (A°) 22.35
Carbon (%) 76.41
Hydrogen (%) 5.35
Nitrogen (%) 6.78
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3. 1. 1. FTIR Spectral Analysis

The presence of various functional groups involved
in 2,4,6-TCP biosorption were determined using FTIR.
Fig. 1(a) and 1(b) shows the FTIR spectral data of the vir-
gin PBP and 2,4,6-TCP loaded PBP in the range of 4000-
400 cm™. The main broad band peaks observed at 3377 &
3420 cm™ was assigned to the overlap of -OH stretching
vibrations arising from hydroxyl groups and -NH
stretching vibration mode of the amine functional groups.
The strong absorption band observed at around 2918 cm™
can be attributed to the C-H stretching vibrations of -CH,
and -CH, functional groups. The peak at 1618 cm™ indica-
te the functional group region of C=0, O-H, and C-O
groups. The peak at 1518 cm™' is assigned to a conjugated
hydrogen bonded carbonyl group. The presence of car-
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Figure 1. FTIR spectrum of (a) virgin PBP and (b) 2,4,6-trichloro-
phenol loaded PBP.

Figure 2. SEM micrographs of PBP at (a) 200x and (b) 500x magnification.

boxyl groups (-COOH) is evident from the peak at 1440
cm™. The peaks at 1059 and 617 cm™ indicate the presence
of alkyl halide (C-N and C-Cl stretch). Fig. 1(a) and (b)
show some peaks slightly shifted and/or broadened, in wa-
venumbers from 2913 to 2918 cm™!, 1618 to 1621 cm™,
1518 to 1510 cm™!, 1440 to 1432 cm™, 1059 to 1063 cm™,
878 to 882 cm™, 767 to 784 cm™!, 612 to 617 cm™ were
noticed in the spectra of virgin PBP and 2,4,6-TCP loaded
PBP. The functional group(s) involvement is quite promi-
nent as confirmed by the changes observed in FTIR
spectrum. The FTIR spectral results further confirmed the
fact that PBP is mainly made up of cellulose and lignin,
containing functional groups such as hydroxyl, amino and
carboxylic groups.

3. 1. 2. Scanning Electron Microscope (SEM)
& XRD Analysis

SEM pictures (at different magnifications) revealed
dense flaky independent plate like structures with typical
agglomeration followed by consistent irregular surface
morphology (Fig. 2a, b). The surface of PBP exhibits irre-
gular structure typical of highly porous materials, confir-
ming the possibility of 2,4,6-TCP getting adsorbed on the
various parts of the biosorbent (Fig. 2b). X-Ray diftracto-
gram of virgin PBR exhibited broad crested peaks (at 20 =
29.8° indicating amorphous nature of PBP (figure not
shown).

3. 2. Effect of pH

It is a critical parameter that affects the process of the
adsorption by influencing the interaction between the ad-
sorbate and the adsorbent. The determination of the opti-
mum pH is therefore vital for the efficient implementation
of the adsorption based separation technology.”® The pH
was varied from 2.0 to 10.0 in order to examine its effect
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Figure 3. Influence of pH on the 2,4,6-trichlorophenol biosorption
onto PBP. Experimental conditions: Temp = 25 + 1 °C, adsorbent
mass = 0.1g, initial concentrations = 100 mg/L, agitation rate = 220
rpm, contact time = 2h.

on the uptake capacity of the PBP. There is a strong corre-
lation between the solution pH and the uptake of the chlo-
rophenol as seen in Fig. 3. The profile shows a global maxi-
mum at pH 6. The 2,4,6-TCP is in fact a weak acid having
pK, value of 6.23. Thus, the acidic pH below the pKa value
favours 2,4,6-TCP to remain un-dissociated, and the
dispersion interaction predominate.®* When the pH value
is greater than 6, the biosorption capacity decreases as a
result of electrostatic repulsion between the surface site
and the negatively charged chlorophenolate anion or due
to the chlorophenolate-chlorophenolate anions interacti-
on in the solution.”” At low pH, the protonated chlorophe-
nols were more amenable to adsorption as compared to
their ionized forms. A similar analogy was attributed to
the 2,4,6-TCP adsorption on other adsorbents, such as
PU@PDA@MSNs sponge,® Acacia leucocephala bark,"
urea-formaldehyde macroporous foams (UFMF),*! coco-
nut shell-based activated carbons,* oil palm empty fruit
bunch-based activated carbons and coconut husk-based
activated carbon.”** Therefore, the optimal pH of 6 was
fixed in in the present study.

3. 3. Influence of Biosorbent Dosage

This is a key parameter that affects the cost-effective-
ness of the adsorption technology. The amount of PBP was
varied from 0.05 to 0.8 g in the test solution (C,= 100
mg/L) to examine its effect on the removal efficacy the
2,4,6-TCP. Since the equilibrium was attained in 2h, the
total contact time was kept 3h in all experiments. It is clear
from Fig. 4 that the % removal of chlorophenol increases
with the increase in the amount of the biosorbent, rea-
ching as high as 97%, when 0.4 g of the biosorbent was
used. This can be attributed to greater availability of the
solute molecules per unit mass of the sorbent (i.e., higher
solute/adsorbent ratio) resulting in greater removal till sa-
turation conditions are reached. Further increase in the
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Figure 4. Influence of adsorbent dosage on the 2,4,6- trichlorophenol
biosorption onto PBP [Removal (%) and biosorption capacity (mg/g)].
Experimental conditions: Temp = 25 + 1°C biosorbent dosage = 0.05-
0.8g, initial concentrations = 100 mg/L, pH 6.0, contact time 2h.

amount of PBP however failed to improve the removal ef-
ficiency, because increasing the amount of PBP resulted in
reduced equilibrium loading capacities, q, (mg/g), which
is in fact the amount of the adsorbate removed per unit
mass of biosorbent.

3. 4. Effect of the Initial Concentration

and the Contact Time

An important aspect of the efficient and cost-effecti-
ve implementation of the wastewater treatment process is
the equilibrium contact time. Shorter equilibrium contact
time enhances the efficiency of the separation process. Fig.
5 shows the progress of the biosorption with time for diffe-
rent strength of 2,4,6-TCP solution. The uptake of 2,4,6-
TCP (mg/g) increases with the increase in contact time.
The uptake rate is initially faster, but tend to gradually
decrease with time as the vacant sites available on the bio-
sorbent surface is gradually occupied by the adsorbate. It
took 120 min for the equilibrium to be established. There-
fore, the 120 min of contact was fixed for the rest of the
batch experiments.

For the adsorptive removal of 2,4,6-TCP, a wide ran-
ge of adsorption rates has been reported in the literature.
Using ash derived from wheat (Triticum aestivum L.) straw,
Chen et al. reported equilibrium contact time of 7 days,
which consisted of initial 3 days of rapid adsorption.”
Using calcined Mg/Al-CO, layered double hydroxide
(CLDH) obtained equilibrium adsorption time of 180 min
for C = 25-400 mg/L.* Denizli et al. also reported 240 min
of equilibrium contact time for C = 500 mg/L.” In another
study, 400 min was required for the removal of 2,4,6-TCP
using PU@PDA@MSNs sponge for small initial concentra-
tions (50-100 mg/L).** Radhika et al. found that the equili-
brium time was 60-210 min using coconut shell-based
commercial grade activated carbon for the initial concen-
tration of 10-100 mg/L.** Siva Kumar et al. found that the
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Figure 5. Influence of contact time on the biosorption of the
2,4,6-trichlorophenol for different initial concentrations. (m) C=
100 mg/L, (®) C=200 mg/L, (A) C= 300 mg/L, (¥) C, = 400
mg/L. [Experimental conditions: Temp = 25 + 1 °C, biosorbent dos-
age = 0.1g, pH = 6.0, contact time 3h, agitation rate: 220 rpm].

equilibrium time for the 2,4,6-TCP biosorption on Acacia
leucocephala bark was 180 min for C = 50-200 mg/L.*

3. 5. Biosorption Kinetics

Adsorption kinetics critically affects the performan-
ce of an adsorbent. This aspect was therefore investigated
for different initial 2,4,6-TCP concentrations in the pre-
sent study. The experimental data were analyzed using
Pseudo-first-order, pseudo-second-order, Elovich model
and intra-particle diffusion kinetic models, which are lis-
ted in the following. The pseudo-first-order kinetic model
is usually represented as:*

k,t

2.303 )

log(gq,-q,)=loggq, -

where k, (min™) is the first order rate constant, which can
be evaluated from the slope of the log (q, g,) versus t (fi-
gure not shown). Table 2 lists k, values for C = 100-400
mg/L along with correlation coefficients (R?), which is a
statistical measure of the goodness of fit. The actual expe-
rimental g, values are also presented in the table. There is a
substantial difference between predicted and experimental
values of q, which tends to increase with the increase in
the solution concentration. For low initial concentrations,
the difference is almost 30%, which increase several folds
at higher solution concentrations. Clearly, the first order
kinetics fails to provide an adequate description of the bi-
osorption of 2,4,6-TCP onto PBP.

The pseudo-second-order kinetic model is generally
represented as:¥

L ‘2+(L]; 5)
9, k.q. \q.

The plot of t/q, versus t (figure not shown) in the
above equation yields the g, as the slope and k, as the in-
tercept. These values are listed in Table 2 along with corre-
sponding values of R?. The agreement between predicted
and experimental values of g, is excellent. The difference
between the two is low for C = 100 mg/L, which unlike
the first order kinetic fit, tends to decrease as C, increases.
For the highest solution concentration considered here,
the difference is hardly 2.5%. This confirms the superiori-
ty of the pseudo-second-order kinetics as compare to the
first-order kinetics.

The biosorption kinetics of 2,4,6-TCP onto PBP was
also examined using Elovich equation:*

q.= (%J In(ah) + % Int (6)

where a (mg/g/min) is the initial biosorption rate and b (g/
mg) is the desorption constant related to the chemisorpti-
on activation energy and the extent of the surface coverage
of the adsorbent. The plot of Int versus q, yields parameters
(1/b) and (1/b)In(ab) as its slope and the intercept, re-
spectively. From the Table 2, it can be seen that the compu-
ted g, values from Elovich model show good agreement
with experimental data.

3. 6. Intraparticle Diffusion Model

The transport of the solute molecules from the bulk
liquid to the interiors of the porous structures of the adsor-
bent involves two mass transport resistances. One is due to
the film or the boundary layer surrounding the adsorbent.
The greater the thickness of this layer, the higher will be
the resistance to the mass transport. Another resistance to
the mass transport is due to the movement of the external
species inside the pores of the adsorbent, which is also of-
ten termed as the intraparticle diffusion. In the literature,
the dependence of the concentration of the adsorbate on
the time is mathematically expressed as:*

Bl g (7)

id

q,=k

where k,, (mg/g.min'?) is the slope of the square root of
time versus g, plot while C is the intercept, which is a me-
asure of the boundary layer thickness (figure not shown).
The computed k,, values are shown in Table 2. If equation
(7) yields a linear trend passing through the origin, then
the intraparticle diffusion is the lone rate limiting step.
From the table, it is clear that the intercept C is not zero.
Therefore, the presence of other mass transport mechani-
sm, besides the intraparticle diffusion, cannot be ruled out
in the biosorption of 2,4,6-TCP.

Figure 6a-d shows the comparison of the experimen-
tal data and model predictions for the 2,4,6-TCP concen-
trations ranging from 100-400 mg/L. The pseudo-first or-
der, pseudo-second order, intraparticle diffusion and Elo-
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Figure 6. Comparison of experimental and calculated values obtained from the pseudo-first order, pseudo-second order, intraparticle diffusion and

Elovich kinetic models (a-d).

vich kinetic equations are considered in the comparison. It
is clear from the figures that the predictions of the Elovich
kinetic model show an excellent agreement with the expe-
rimental data.

3. 7. Validity of Kinetic Models

The validity of three kinetic models in accurately
describing the biosorption process was carried out by
computing the normalized standard deviation Ag, (%). It is
defined as:

Y

e
i=1 N-—

where ‘exp, ‘cal’ and ‘N’ denote experimental, calculated
values and the number of data points, respectively. Lower
values of normalized standard deviation Ag, (%) indicate
better data fit. The computed parameters of the models,
their corresponding correlation coefficients (R?), and Aq,

(%) values are listed in Table 2. The pseudo-first-order ki-
netic model gives Ag, (%) as high as 83% while the pseudo-
second order and Elovich models give Ag, (%) values ran-
ging from 1.4-3.5% and 0.50-1.2%, respectively. Based on
the correlation coefficients (R?) and normalized standard
deviation Aq, (%) values, the 2,4,6-TCP adsorption on
PBP is best described by the Elovich model model.

3. 8. Biosorption Isotherm Models

In order to mathematically describe the equilibrium
distribution of the adsorbate in the liquid solution and the
adsorbent, adsorption isotherm models are used. These
models accounts for the type of coverage, the nature of the
interaction between the adsorbate and the adsorbent sur-
face, and its homogeneity/heterogeneity. In the present
study, we focus our attention on three different isotherms
models, i.e. Langmuir, Freundlich and Dubinin-Radush-
kevich to analyze the equilibrium experimental data.

The generalized form of Langmuir isotherm is repre-
sented by:*2
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Table 2. Kinetic parameters biosorption of 2,4,6-TCP on PBP

Parameter Initial concentration of 2,4,6-trichlorophenol (mg/L)
100 200 300 400
Qe o (ME/B) 85.90 158.47 247.20 329.21
Pseudo-first-order-kinetic model
4 oy (M) 61.14 105.59 128.54 130.49
kl( min') 0.022 0.016 0.017 0.014
R? 0.979 0.974 0.994 0.999
Aqt (%) 44 54.31 69.59 83.80
Pseudo-second-order-kinetic model
4 oy (M) 96.74 168.06 253.08 321.73
k, (g/mg/min) 4.6x 10 2.6 x 10 2.8x10™* 33x10*
R? 0.999 0.998 0.997 0.997
Aqt (%) 1.37 2.24 2.95 3.49
Elovich model
e e (ME/Z) 83.67 144.15 23113 302.41
1/b (mg/g) 20.49 35.57 42.64 40.72
R? 0.999 0.999 0.995 0.986
Aqt (%) 0.50 0.63 0.95 1.18
Weber-Morris
k, 5.92 10.32 12.41 11.96
C 22.12 37.06 102.4 178.7
R? 0.979 0.987 0.989 0.998
Aqt (%) 3.06 2.36 1.51 0.38
1 1 1 and (1/n) is related to the adsorption intensity. For a favo-
q. - a.K,C. * q. ©) urable sorption, n >1. Taking the log of both sides, the abo-

where q, (mg/g) is the amount of the solute adsorbed per
unit mass of adsorbent, C_ (mg/L) is its equilibrium con-
centration in solution, q_ is the monolayer biosorption
capacity of the adsorbent (mg/g) and K, (mg/L) is the Lan-
gmuir equilibrium constant, respectively. The graph of 1/q,
versus 1/C_has been plotted to determine both q_ and K.
The suitability of Langmuir type adsorption can be analy-
sed using the following dimensionless parameter (R ):*

1

k=T E.c (10)
where C is the initial adsorbate concentration in solution
(mg/L). For values of R, less than unity, the biosorption is
favored. R values greater than unity indicate that the bio-
sorption process is unfavorable. In the current study, R,
values were found varying from 0 to 1, indicating that Lan-
gmuir adsorption is favorable.

Another widely used relationship, Freundlich isot-
herm model is given as:*

q.= K. Clr (an

where K, is a constant related to the adsorption capacity

ve equation can be linearized as follows:

Ing, = In K;.+(]—]]n (54 (12)
n

In order to gain a greater insight into the biosorption
process, one can also use the Dubinin-Radushkevich
isotherm model to fit the experimental data. The lineari-
zed form of this isotherm model can be mathematically
expressed as:*

Ing, =Ing, — Be* (13)

where g, (mg/g) is the maximum adsorption capacity, B is
a the activity coeflicient related to mean adsorption energy,
and ¢ is the Polanyi potential defined as :

e =RT ln{(!—+l} (14)

where R is the gas constant (8.314 J/mol K) and T is the
absolute temperature. The mean free energy ‘E’ of ad-
sorption per molecule of the adsorbate is determined
using the constant ‘B’ using the following relationship:
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0.5

E=(2B) (15)

A plot of & versus In(q,) enables determination of con-
stants E and q, . The nature of the biosorption process is cha-
racterized by the parameter E. Smaller values of E (< 8 kJ/
mol) indicate that biosorption is purely physical. On the other
hand, higher E values (8 < E < 16 kJ/mol) indicate that the
sorption process is chemical ion-exchange. We present the
model parameters for all the three isotherms, i.e. Freundlich,
Langmuir and Dubinin-Radushkevich in Table 3 for compa-
rison along with values of the correlation coefficient (R?). The
predictions of all the isotherm models along with the experi-
mental data are presented in Figure 7. Clearly, the Freundlich
isotherm fits the experimental sorption data better than both
Langmuir and Dubinin-Radushkevich models.
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Figure 7. Comparison of experimental data with predictions of iso-
therm models.

3. 8. 1. Validity of Isotherm Models

The capability of the present isotherm models in ac-
curately describing the biosorption process was evaluated
by computing the normalized standard deviation Ag, (%)
as follows:

N

Aq, (%) =100x J {Nl_ 5 S [(Ges ~ s )/ |

=

(16)

where ‘q,,;, ‘q, ,, and ‘N’ denote experimental, model
values and the number of data points, respectively. In all

cases, R* values exceeded 0.997 and low Aq, (%) were ob-
tained in the present study (Table 3). It is however clear
from the table that the Freundlich isotherm described
the experimental data better than the other two models.
This suggests that surface or pore heterogeneity plays a
role in 2,4,6-TCP adsorption. The present results also
agree with earlier works, which reported that the Freun-
dlich model provided better representation of the 2,4,6-
TCP adsorption using oil palm empty fruit bunch and
activated clay. %

3. 8. 2. Comparison of PBP with Other
Adsorbents

Fig. 8 compares the adsorption capacities of various
adsorbents reported in the literature. Clearly, PBP is a
better adsorbent for the removal of 2,4,6-Trichlorophenol
as compared to other reported adsorbents.® 2% 30-32 36 46-48. g
uptake capacity is found to be 289.09 mg/g, which is higher
than most other agro-waste based adsorbents. This clearly
establishes the efficacy of the PBP for the cost-effective re-
moval of 2,4,6-Trichlorophenol from an aqueous media.

PU-PDA-MSNs
NGE, 184.2

Figure 8. Comparison of maximum monolayer adsorption capacities
of various Adsorbents for 2,4,6-TCP. [Acid treated coconut fiber acti-
vated carbon (ATFAC); Acacia leucocephala bark (ALB); Coconut
shell-based activated carbon (CSBAC); Urea-formaldehyde macrop-
orous foams (UFMF); Loosestrife-based activated carbon (LBAC).

4. Conclusion

In this study, the potential of PBP (agro-waste mate-
rial) for the 2,4,6-TCP removal from wastewater over a

Table 3. Isotherm parameters for the biosorption of 2,4,6-TCP on PBP

Isotherms Constants R? Aq (%)
Langmuir q, (mg/g) b (L/mg)
289.09 0.002 0.999 2.43
Freundlich K, ((mg/g)(L/mg)'™) n
0.565 1.030 0.999 1.48
Dubinin-Radushkevich q, (mmol/g) E (kJ/mol)
4.84 7.60 0.997 3.51
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wide range of concentrations has been examined. The
FTIR study confirms the presence of hydroxyl, amine and
carboxyl functional groups on the surface of the adsor-
bent, while SEM study reveals irregular porous surface
morphology. The biosorbent performed better under aci-
dic conditions (optimal pH of 6). The biosorption process
was fast since equilibrium was achieved within 120 minu-
tes of contact. The sorption behaviour was accurately re-
presented by the pseudo-second order kinetics as compa-
red to other kinetic models. With an increase in the PBP
dosage, the equilibrium adsorption capacity (mg/g) gra-
dually decreased. On the other hand, the removal capacity
as high as 97% was obtained for 0.4 g/L of adsorbent.
However, further increase in its dosage failed to improve
the removal efficiency. Three different isotherm models
(Langmuir, Freundlich and Dubinin-Radushkevich) were
used to represent the experimental equilibrium data. The
Langmuir isotherm model predicted the maximum bio-
sorption capacity of 289.09 mg/g at 25 + 1 °C. These fin-
dings conclude that PBP, owing to its ease of availability
and environment friendly nature, can potentially replace
existing sorbents for the removal of 2,4,6-TCP from aque-
ous media.
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Vedina industrijskih odpadkov je onesnazenih s strupenimi in tezko razgradljivimi fenolnimi spojinami. Te predstavljajo

glavni vir vodnega onesnaZenja, zato je pri ¢i$¢enju tak$nih industrijskih odpadnih voda poglavitnega pomena razvoj
cenovno ucinkovitih postopkov. V tem delu je raziskana ucinkovitost predhodno neobdelanega prahu borovega lubja
(PBP) kot poceni bioadsorbenta za odstranjevanje 2,4,6 triklorofenola (2,4,6-TCP) iz vodnega medija. Rezultati $arznih
raziskav so bili obdelani z znanimi ravnoteznimi modeli, od katerih je Freundlihova izoterma najbolje opisala raziskova-
no biosorpcijo. Pri 25 + 1°C je znasala maksimalna biosorpcijska kapaciteta (g, ) 289,09 mg/g, kar je visje od vrednosti
za vecino bioadsorbentov podanih v literaturi. Odstranjenega je bilo kar 97% 2,4,6-TCP, biosorpcija pa je bila hitra, saj
je bilo ravnotezje dosezeno v 120 minutah. Elovi¢ev model dobro opise kineti¢ne podatke. Na osnovi visoke biosorpci-

jske kapacitete in hitrega odstranjevanja se PBP lahko uporabi za u¢inkovit in poceni postopek ¢i$¢enja odpadne vode,

kontaminirane z 2,4,6-TCP.
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