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Abstract: Improved activated char of acacia nilotica branches (CANBI) was prepared by
reforming in thermo-chemical treatment on powdered acacia nilotica branches. This process
enhanced its overall surface area, percentage fixed carbon content, iodine number and
methylene blue adsorption. SEM analysis on this adsorbent explained its highest BET surface
area of 403m2/g compared to that of other two adsorbents. Experimentally adsorption
capacity of this char is established to be 250 mg/g which is much higher than other two
adsorbents.  Study of phenol sorption was done to optimize carbon dosage, pH of adsorbate-
adsorbent system, contact time, initial phenol concentration and rpm of shaker. Adsorption
equilibrium model of Langmuir, Freundlich, Temkin and Dubinin Radushkevich fitted well
for phenol concentration range of 0 to 975 mg/l and all models established, high affinity of
phenol towards CANBI.  Kinetic data represented pseudo second order kinetics better.
Thermodynamic study confirmed the phisibilty of adsorption process. Regeneration of
CANBI was also successfully tested by various acidic and basic eluents. CANBI has been
proved to be cheaper and renewable adsorbent.
Key Words: Acacia nilotica branches, Activated carbon, Adsorption, Equilibrium, Kinetics
and Thermodynamics.

Introduction

Phenol is one of the most toxic chemical found in the effluents of various chemical and coke-oven
industries. As this chemical is highly soluble in water, its presence is very hazardous for aquatic life. Among
various methods available for removal of this chemical, adsorption on various types of biomass are well
reported1-3. For last many years much investigation has been done for economical materials such as fly ash,
peat, soil, rice-husk, saw dust, baggase, rice-straw, tendu leaf etc for their use as adsorbents4-9. Among various
biomass, activated powdered branches of acacia nilotica (activated PBAN) is the most recent reporting10.
Though this biomass seems very promising as an adsorbent in terms of its affinity towards phenol, it was
investigated from litterature11 that there was scope for its improvement by upgrading the thermo-chemical
treatment so as to bring its properties near to that of commercial grade carbon to make it more economical.  The
improved adsorbent (CANBI) has best fixed carbon content, phenol number, iodine number, methylene blue
value, BET surface area and particle size for using it for adsorption of phenol.

SEM analysis performed on PBAN, activated PBAN and CANBI, established that CANBI is
morphologically the most improved adsorbent.
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Based on CANBI emerging as the most improved adsorbent, it became focus of study. Effects of
various parameters like adsorbent dosage, pH, contact time, agitation speed, initial phenol concentration on
sorption was studied and the results obtained were used for further analysis of equilibrium, kinetic and
thermodynamic studies. Adsorption equilibrium model of Langmuir, Freundlich, Temkin and Dubinin
Radushkevich were tested for their fit into experimental data and it was found that they all fitted quite well
within phenol concentration range of 0 to 975mg/l. Kinetic data represented pseudo second order kinetics
better.  All  the analysis  performed indicated that  CANBI has favourable and better  affinity for  phenol.   Also
regeneration  test  for  one  step  was  conducted  with  1M  NaOH,  KOH,  HCl,  H2SO4 and HNO3.  For  all  these
chemicals regeneration of adsorbent was more than 90%. Present elaborative study on CANBI is to establish it
as more promising adsorbent for phenol commercially.

Experimental

Preparation of Improved Char of Acacia Nilotica Branches (CANBI)

The powder of acacia nilotica branches, preparation of which is explained in earlier10 section was taken
to  activate  it.  The  powder  was  soaked  in  30  %  H3PO4 for  4  hrs  with  agitation  at  temperature  of  35◦C. The
resultant slurry was filtered and washed thoroughly to bring its pH to 7. The sample was oven dried and kept for
charring at 600˚C in the muffle furnace for 3hrs. The dried sample was digested with 10 % NaOH solution for
4hrs at 70⁰C. The residue was filtered out, washed thoroughly and dried. The dried sample was passed through
250 mesh screen. Obtained sample was stored for further studies.

Characterization of CANBI

Activated carbon obtained as above was subjected to various ways of characterization by adopting the
standard procedures12-15. The adsorption characteristics were studied in terms of phenol number (the amount of
powdered carbon required for 90% removal of phenol), iodine number and methylene blue number of the
adsorbent. The surface area of the activated carbon was carried by nitrogen adsorption method (Quantachrome
BET surface area analyser). The properties of adsorbents under study are shown in Table 1.

Batch Experiment

For adsorption study batch experiments were done (for initial phenol concentration of 1g/l) as per
already published work by present authors10. To optimize carbon dosage, pH of adsorbate-adsorbent system,
contact time, initial phenol concentration and rpm of shaker, the adsorbent was equilibrated with phenol
solutions for 24 hours at 225 rpm. The adsorption data of CANBI were fitted in various mathematical models
like Langmuir, Freundlich, Temkin and D-R isotherms. Study of effect of time on adsorption,  imparted kinetic
study. Here data were fitted in kinetic models of pseudo-first order and pseudo-second order. To test the
phisibility of adsorption, thermodynamic parameters, ∆S, ∆H, and ∆G were determined. The obtained carbon
(CANBI) was also subjected to desorption tests with 1 M of NaOH, KOH, HCl, H2SO4 and HNO3 at 25˚ C for
7hrs at rpm of 225 with carbon dosage of 1.5.

Table 1: Properties of Adsorbents

Properties ANB 10 Activated PBAN10 CANBI (Present Study)
Ash Content on dry basis (%) 2.73 1.6 1.3
Fixed Carbon on dry basis (%) 23.80 71.5 85.0
Volatile Matter on dry basis (%) 73.46 27 13.7
pH of slurry 6.3 (0.25%) 6.3 (1.75%) 7.1(1.5%)
Phenol Number (g) - 1.4 1.0
Iodine Number (mg.g-1) 493 680 866
Surface Area (m2.g-1) 54 298 403
Particle Size (μm) 78.463 56.727 47.01
Methylene Blue Adsorption (mg/g) 45 90 150
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Results and Discussions

Characterization of Adsorbent

Fig.1 Comparison of Percentage Phenol Removal from various forms of Adsorbents

Table1 clearly shows that CANBI is much better adsorbent than ANB and activated PBAN due to its
increased percentage of Fixed Carbon (F.C.) compared to activated PBAN and decreased percentages of
Volatile  Matter  (V.M.)  and Ash on dry basis.  CANBI has better  iodine number,  B.E.T.  surface area,  particle
size and methylene blue adsorption values compared to that of ANB and activated PBAN indicating that
CANBI is best adsorbent for further study.  Phenol Number (i.e., adsorption of 90 % phenol) takes place at
lower amount of CANBI making it more economical than PBAN and activated PBAN which is also evident
from Fig.1.

Fig.1 also indicates that percentage phenol removal is highest for CANBI at all dosages of adsorbent
ranging from 0.1(g) to 1.5(g) indicating CANBI is the most improved adsorbent.

Scanning Electron Microscopy Analysis

The surface morphologies of PBAN, Activated PBAN and CANBI were investigated using ‘JEOL
JSM-6610LV’. By comparing SEM micrographs of these adsorbents in Fig.2(a), (b) and (c),  it was found that
CANBI has the most porous and rough morphology, clearly justifying its highest BET surface area of 403 m2/g
(as shown in Table 1)

.

                (a)                                            (b)        (c)
Fig.2: SEM micrographs of (a) PBAN (b) Activated PBAN (c) CANBI

Effects of various Parameters on Adsorption Study on CANBI

As CANBI has emerged as most improved adsorbent, the focus was on study of various parameters on
the process of adsorption, for further studies.
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.

Fig.3: Effect of Contact Time on adsorption of CANBI

Effect of Carbon Dosage

Fig.1 shows the percentage of phenol removal with adsorbent dosage from the aqueous solution at pH
of 7.1(found to be optimum). The solution was equilibrated for 24 hours. To remove the entire amount of
phenol (with initial phenol concentration of 1g / litre), the minimum amount of CANBI dosage required was
determined to be 1.5g.

Effect of Contact Time

Effect of contact time on the removal of phenol by CANBI is shown in Fig.3.The optimum pH was
taken  at  7.1  for  fixed  amount  of  adsorbent  as  1.5g.  The  study  reveals  that  6  hour  as  equilibrium  time  for
adsorption of phenol by CANBI.

Effect of Initial Phenol Concentration

Percentage phenol removal by CANBI was studied for initial phenol concentration in the range of 250
mg/l  to1000  mg/l  with  contact  time  for  6hrs  (equilibrium  time)  at  pH  of  solution  at  7.1.  It  was  found  that
percentage phenol removal was constant at the value of 100%.

Effect of agitation speed

The agitation speed was studied between 50 to 250 rpm for CANBI (as shown in Fig.4). When contact
time of 6hrs was kept at pH 7.1 and temperature 25◦C, the percentage phenol removal increased to 100 % at 200
rpm from that of 50 % at 50 rpm. Percentage removal of phenol remained constant at 100 % till 250 rpm.

Fig.4: Study of Effect of agitation speed on percentage phenol removal
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Adsorption Isotherms

Adsorption isotherm were studied experimentally as explained in  Experimental Section under Batch
Experiments, by taking 100 ml of phenol solution with 1g/l concentration for 24 hours, at 25◦C with agitation
speed of 225 rpm. Maximum adsorption capacity of this adsorbent is 250 mg/g as indicated in Fig.5. This
capacity is much higher than that of PBAN and activated PBAN (already studied and published by the authors)
as confirmed from Table 2. This indicates values of maximum adsorption capacity of various biomass based
adsorbents and it is interesting fact that CANBI is having better adsorption capacity than most of the reported
values.

Fig.5: Adsorption Isotherm of CANBI

Table 2—Adsorption capacities of various biomass for phenol removal from aqueous solutions

Adsorption isotherm data (as shown in Fig.5) were also analysed by fitting into Langmuir, Freundlich,
Temkin and Dubinin Radushkevich mathematical models32,33. Adsorption kinetics were also analysed by fitting
into pseudo-first and pseudo-second order kinetic models.

Langmuir Isotherm13

This isotherm is based on the assumption that adsorption process takes place on a homogeneous surface
with monolayer of adsorbate.

Adsorbent Adsorption Capacity (mg/g)
Plum Kernel16 257.80
Sheensham sawdust17 337.49
Date stones18 43.27
Pecan shells19 167.00
Coconut shell20 191.00
Bagasse fly ash21 16.90
Bagasse22 308.00
Rice-Husk23 150.00
Millet straw24 80.36
Sorghum straw24 82.34
PBAN10 132.00
Activated PBAN10 167.00
Hazelnut bagasse25 81.18
Bamboo charcoal26 24.96
Rubber seed coat27 56.00
Avocado kernel seeds28 87.50
Jute fibers29 180.00
Sugarcane baggasse30 27.00
Beet pulp31 90.00
CANBI (Present Work) 250.00
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The linear form of Langmuir isotherm is given as:

1/qe=  +           …(1)

Where, qe  represents the amount of adsorbate, adsorbed per unit mass of adsorbent, Ce represents equilibrium
concentration (mg/l) of supernatant solution, Q0 monolayer adsorption capacity (mg/g) of adsorbent, and b
surface energy (g/l) corresponding to the process of adsorption. Values of b and Q0 are found from slope and
intercept of plot of 1/qe vs 1/Ce.

The Langmuir adsorption isotherm gives separation factor RL which indicates the nature of adsorption
process (shown in Table 2) and expressed by following equation 34:

RL= 1/ (1+b Ci)          …(2)

Table 3 shows adsorption data fitted quite well for concentration range of 230 mg/l to 975 mg/l in
Langmuir isotherm model with R2>0.95.  As  per  values  of  intercept  and  slope,  value  of  RL is  0.4  which  lies
between 0 and 1, confirming that the adsorption process to be favourable. Here b value comes out to be
0.0015g/l which represents low surface energy, indicating stronger bonds between phenol and adsorbent35.
Fairly low to moderate b values have been reported in many of sorbent-phenol systems6, 7, 15.

Freuendlich Isotherm13

The linear form of Freundlich equation can be expressed by

 ln qe= ln k + 1/n ln Ce          …(3)

Where, k [(mg/g). (l/g) 1/n] and n are the measures of adsorption capacity and intensity of adsorption. Qe is the
amount of phenol adsorbed per unit mass of adsorbent and Ce is the equilibrium concentration in mg/l.

Plot of ln qe vs ln Ce gives values of k and n from slope and intercept. Adsorption of phenol on
activated carbon obeys Freundlich isotherm for almost entire concentration range as indicated by very high R2

values  (>0.95)  in  Table  3.  Here  values  of  k  and  n  calculated  from slope  and  intercept  are  shown  in  Table  3
indicating very good affinity for phenol towards CANBI in the entire concentration range. Also value of n
comes out to be 2.38 indicating it is satisfying the condition of heterogeneity36 i.e., 1<n<10 as well as 0<1/n<1.

Temkin Isotherm10

Temkin isotherm is represented by:

qe = B lnA + B ln Ce          …(4)

Where A (l/g) and B (dimensionless) = RT/b1 are Temkin constants which is found from slope and intercept of
the plot qe versus ln Ce. Here b1 (Jmol-1) is constant which gives heat of sorption. Values of Temkin constants
are given in Table 3.

The values of R2, A and b1 showed that model highly favoured the adsorption of phenol on CANBI in
the concentration range of 150 mg/l to 975 mg/l of phenol.

Dubinin Radushkevich Isotherm

Dubinin Radushkevich model37 was applied to determine characteristic porosity of the biomass and
apparent energy of adsorption

Linearized form of Dubinin Radushkevich  equation is:

ln qe = ln qm- β ε2          …(5)
Here β (mmol2J-2) is D-R constant; ε (Jmmol-1) is Polanyi potential and
ε = RT ln (1+1/Ce)          …(6)
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Here R (8.314 J mol-1 K-1)  is  universal  gas  constant,  T  (K)  is  temperature.  β is  related  with  free  energy  of
adsorption per mole of adsorbate as it migrates to the surface of biomass from infinite distance in the solution.
Plot  of  ln  qe versus ε2 for phenol concentration range of 230 mg/l to 975 mg/l gives values of qm and β from
slope and intercept values (shown in Table 3).

Porosity parameter value β for CANBI towards phenol was less than unity indicating sorption of phenol
was significant. Value of qm = 249 mg/g supports the experimental value. R2 value > 0.97 indicated that this
model fitted experimental adsorption data under study.

Table 3—Comparison of Adsorption Isotherm Constants

Adsorption Kinetics

For measuring adsorption efficiency, kinetics of adsorption is required to be analysed. This study gives
solute uptake rate. The dosage of 1.5 g of CANBI was taken in phenol solution (1g/l) of 100 ml. The adsorbent
was separately exposed to phenol solution for different times till equilibrium was achieved. The amount of
phenol adsorbed was estimated between 60 minutes to 360 minutes.

Pseudo-First-Order Kinetics

Lagergren model was used to study the pseudo first order kinetics 38-39 integrated form of which is given
as:

log (qe-qt) = log qe-                      …(7)

Where qe (mg/g) and qt (mg/g) refers to the amounts of phenol adsorbed on CANBI at equilibrium  and time, t
(min) respectively. Here k1 (min-1) refers to rate constant.

Thus the rate constant (k1) can be obtained from the slope of plots of log (qe-qt) vs t. Value of R2>0.9
confirming the fitting of data in Lagergren model. Pseudo first order kinetic constants as per calculations
(shown in Table 4) are qe = 108.39 mg/g and k1= 0.0092min-1.

Pseudo-Second-Order Kinetics

Adsorption data were also studied for second order kinetics38.The mathematical model after integration
is given as given below:

 = 2) + t/qe        …(8)

Equilibrium
Isotherm

Equilibrium
Constants

CANBI Activated PBAN10

Q0 (mg/g) 500 250
b (g/l) 0.0015 4
R2 0.965 0.998

Langmuir

RL 0.4 0.00025
k [(mg/g). (l/g)1/n] 13.93 23.48
n 2.38 4.46

Freundlich

R2 0.980 0.994
A (l/g) 0.024 0.16

b1(Jmol-1) 31.20 113.65

Temkin constants

R2 0.991 0.994
β (mmol2J-2) 0.007 0.063
qm (mg/g) 249 282

Dubinin
Radushkevich

R2 0.979 0.942
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Where k2 (g/mg.min) refers to the rate constant, qe as phenol adsorbed per gram of adsorbent at equilibrium and
qt as phenol adsorbed per gram of adsorbent at any time t.

Eq.8 can also be expressed  as below:

t/qt = 1/h + t/qe          …(9)

The plot of t/qt vs t  gives linear relationship  with correlation coefficient R2=0.95.Hence the data got
fit to Pseudo-Second-Order Kinetics quite well. Values of kinetic constants are given in Table 4

Table 4: Comparison of Adsorption Kinetic Constants

Adsorption Kinetics Kinetic Constants CANBI Activated PBAN10

qe  (mg/g) 108.39 79.80
k1 (min-1) 0.0092            0.0046

Pseudo first order
model

R2 0.922 0.950
qe (mg/g) 125 -
H (mg/g.min)        0.408             -

Pseudo second order
model

R2 0.953 0.711

Adsorption Thermodynamics

The batch experiments were performed by varying the temperature from 298 to 318 K with fixed initial
concentration of 1g/l at pH 7.1 and adsorbent dosage of 1.5g/l of CANBI. The equilibrium sorption of phenol
was better at higher temperatures and this could be attributed to increase in molecular diffusion or expansion of
pores.

Thermodynamic parameters such as free energy (∆G◦), enthalpy(∆H◦) and entropy( ∆S◦) change of
biosorption can be evaluated from the following equations40:

∆G◦ = -RTln Kd                    …(10)
Where R is the gas constant ( 8.314 J mol -1K-1), T is the temperature (K) and Kd is the equilibrium constant.
The value of Kd was calculated using Eq. 11.
Kd = qe / Ce                    …(11)
Where qe and Ce are equillibrium concentrations of phenols and in the solutions respectively.
Also we know that
∆G◦ = ∆H◦- T∆S◦        …(12)
From Equationss (10), (11) and (12)
lnKd = (∆S◦/R) – (∆H◦/RT)                    …(13)

A plot between ln Kd versus 1/T is shown in Fig.6 for the adsorbent. The values of (∆H◦) and (∆S◦) can
be calculated from slope and intercept respectively and value of (∆G◦) can be calculated from Eq.12 which is (-
966.744J/mol). Negative value of ∆G◦ confirms the spontaneity of the process. Value of ∆H◦ is 74252.33 J/mol,
indicating that the process be endothermic. Value of ∆S◦ is 252.413 J/mol which shows increased randomness at
the solid-solution interface.
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Fig 6: Plot of ln kd vs 1/T

Regeneration of CANBI

Regeneration of adsorbent is an important aspect from economics point of view. Attempts were made to
desorb phenol from CANBI with various acidic and basic eluents. This desorption process was performed using
the batch process using 1.5g of spent adsorbent  at pH of 7.1 and was shaken at 25◦C and 225 rpm with 100 ml
of 1M NaOH, KOH, HCl, H2SO4 and HNO3 which was completed in 7 hrs duration. About 93, 83, 92, 90, 92 %
of adsorbed phenol respectively was desorbed in a single step from initial concentration of 1g/l of phenol
solution respectively. Although the achievement of arsenic and strong acidic elution have been reported in
literature41, the present work showed that effective regeneration was obtained with both strong acidic and basic
solution.

Conclusion

This study indicates that CANBI is quite an improved adsorbent based on various physical and
chemical characteristics comparable to a good commercial adsorbent.SEM analysis confirmed its highest BET
surface area of 250m2/g. This fact has also been verified by its highest adsorption capacity of 250 mg/g
compared to other adsorbents. Freundlich isotherm fitted quite well the experimental data for almost entire
concentration range of phenol under study. Value of RL deduced to be 0.4 indicating favorable adsorption of
phenol. Adsorption isotherm data fitted quite well to various concentration ranges under study for Langmuir,
Temkin and Dubinin-Radushkevich models indicating that phenol has very good affinity towards CANBI.
Kinetics of adsorption was better explained by pseudo-second-order kinetics. Thermodynamic study on
adsorption indicated that the process was phisible and  endothermic in nature.  CANBI proved to be
regenerative  by  more  than  90  % by  various  strong  basic  and  acidic  eluents.  Hence  CANBI  has  proved  to  be
quite improved and cost effective adsorbent for removal of phenol.
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