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a  b  s  t  r  a  c  t

Waste  tea  activated  carbon  (WTAC)  was  prepared  through  chemical  activation  with  a  novel activating
agent,  potassium  acetate  and  used  for the  sorption  of  Acid  Blue  25  (AB25)  dye.  Batch  adsorption  studies
were  carried  out  with  the  consideration  of  factors  such  as  initial  dye  concentration  (50–350  mg/L),  tem-
perature  (30,  40,  50 ◦C),  contact  time  and  initial  pH (2–12).  This  was  done  to enable  the  determination
eywords:
aste tea

ctivated carbon
cid Blue 25
dsorption isotherm

of  kinetics  and  isotherms  behaviour.  Langmuir,  Freundlich,  Temkin  and  Dubinin–Radushkevich  (D–R)
isotherm  models  were  tested  and  the  adsorption  of  AB25  dye  on  WTAC  was  best  fitted  to  Langmuir  and
the  maximum  monolayer  of  WTAC  was  203.34  mg/g.  Pseudo-second  order  kinetic  model  was  found  to
adequately  describe  the adsorption  process.  The  adsorbent,  WTAC  gave  97.88%  adsorption  of  AB25  dye.

© 2011 Elsevier B.V. All rights reserved.

inetics

. Introduction

Dyeing technology is synonymous to man’s existence and the
sage of dye products is inevitable [1].  The major challenge with
yeing process is how dyes are indiscriminately released into the
nvironment causing pollution to man  and his environment due
o their slow biodegradability [2–4]. The world has numbered over
00,000 commercial dyes and more than 700,000 metric tons pro-
uced annually with over 35,000–70,000 released in wastewaters
5,6]. Anionic dyes (direct, acid and reactive) are commonly used
nd represent 20–30% of commercial dyes; they usually have bright
olours and are problematic since they have high hydrolyzing ten-
ency and greater tinctorial value [7].  Attempts have been made to
roffer solution to this anomaly via biological, chemical and physi-
al methods with some level of success but they all possess certain
egree of limitations that hinders their effectiveness and usability.
dsorption processes have been tested and found reliable in tack-

ing this menace caused by dye pollution through various methods
8,9].

Commercial activated carbon is used mostly for adsorption pro-
esses but its expensive nature has equally motivated researchers
o find substitutes [10]. Agricultural waste based activated carbon
as shown very promising prospects as adsorbents for pollution

ontrol due to their natural abundance, renewability, cost effec-
iveness and eco-friendly [11–13].  Biomass material such as wood,
oconut husk, coconut shell, rice husk, corncobs, bamboo, saw dust,

∗ Corresponding author. Tel.: +60 45996422; fax: +60 45941013.
E-mail address: chbassim@eng.usm.my (B.H. Hameed).

385-8947/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2011.04.017
and so on are some of such substitutes that have been tested in
this regard. The activated carbon obtained depends on the type of
biomass or starting material and the preparation method [14,15].

Physical and chemical methods of activation are generally used
for adsorbents preparation [16]. Carbonization in an inert atmo-
sphere and subsequent activation of the carbonized carbon (char)
in the presence of steam, air, and CO2 is termed physical activation
while, chemical activation involves treating the carbon materials
with chemicals which are either in liquid or solid form before appli-
cation of heat at inert atmospheres. All of these processes are aimed
at developing the pores and increasing the surface area of the car-
bonaceous material thereby making it a better adsorbent. A number
of chemicals have been used for activation, some of which includes:
potassium hydroxide [17,18],  sodium hydroxide [19,20],  zinc chlo-
ride [14,21], phosphoric acid [22], potassium carbonate [18,23,24],
sulphuric acid [13,19],  hydrochloric acid [14], hydrogen perioxide
[25], manganese oxide [26] and so on. The choice of chemical for
activation determines the type of treatment method to be used with
consideration to the nature of the precursor. Potassium hydrox-
ide has proven to be a good activating agent going by its ability to
develop large pore sizes and surface areas of biomass [20,27]. This
therefore calls for more research to explore how best it can be used
and in which form it can be impregnated into the precursors for
activation.

Potassium acetate is one of the compounds of potassium which
when dissolved in water ionizes to provide potassium and acetate

ions. Pure water ionizes depending on its temperature into equal
amount of H3O+ and OH−, so that their molarities are equal. At
optimum conditions, the attraction of opposite charges (ions) in
solution of both potassium acetate and water gives rise to forma-

dx.doi.org/10.1016/j.cej.2011.04.017
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chbassim@eng.usm.my
dx.doi.org/10.1016/j.cej.2011.04.017
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Scheme 1. Chemical structure of Acid Blue 25.

ion of new compounds of which KOH is feasible because of metal
on hydrolysis [18]. Potassium hydroxide formed, now undergoes
eaction with carbon material as follows [27]:

KOH + C → K2CO3 + K2O + 2H2 (1)

he intrinsic reaction is thus:

KOH → K2O + H2O (2)

 + H2O(steam) → H2 + CO (3)

O + H2O → H2 + CO2 (4)

2O + CO2 → K2CO3 (5)

2O + H2 → 2K + H2O (6)

2O + C → 2K + CO (7)

2CO3 + 2C → 2K + 3CO (8)

he reaction mechanism revealed that carbon materials are con-
umed at three stages ((3), (7) and (8))  and this consumption leads
o subsequent development of pores [23,24].

This research is aimed at harnessing the potentials in waste-
ea, which is usually discarded after usage in cafes and restaurants.
ea has been tagged the most popular drink in the world with its
roduction slated for 3.15 million tonnes annually in 2003, and its
aste or spent form has also been confirmed to be good adsor-

ent of pollutants [28]. In Malaysia and many part of the world, tea
s one of the staple drinks or beverages consumed in the society.
herefore, a waste generated after the tea has served its purpose
ecomes a menace to the seller rather than a commodity. Evacu-
ting this waste material for this study was like removing a plank
rom the eyes of the seller.

Although many researches have been carried out on devel-
pment of activated carbon using different activating agents for
dsorption processes, to the best of our knowledge, there has been
one reported concerning usage of potassium acetate as an acti-
ating agent on any precursor and for the production of activated
arbon from waste tea; and its usage for adsorption of acid blue 25
ye (AB25). Thus, this research introduces a new activating agent,
otassium acetate that was used to develop activated carbon from
aste tea (WTAC) for the adsorption of AB25 dye.

. Materials and methods

.1. Materials

The potassium acetate and AB25 used were supplied by Aldrich

nd Sigma Chemical, Malaysia and were used without any fur-
her purification. Acid Blue dye has an empirical formula of
20H13N2NaO5S, molecular weight of 416.38 g/mol, chemical index
CI) of 62055 and its chemical structure is shown in Scheme 1.
ring Journal 171 (2011) 502– 509 503

Waste tea was obtained from Universiti Sains Malaysia, Engineer-
ing Campus Cafeteria at Nibong Tebal, Malaysia, washed thoroughly
with hot distilled water and dried before usage.

2.2. Preparation of activated carbon

The tea waste was dried in an oven and sieved into a size range of
125–1000 �m.  The impregnation ratio of the activating agent with
precursor was maintained at 2:1 g/g. The mixture was  left overnight
at room temperature, and dried in the oven before loading into
a tube furnace embedded in a tubular reactor. The reactor was
heated for 80 min  at 800 ◦C at a heating rate of 5 ◦C/min under puri-
fied nitrogen (99.99%) atmosphere and 100 cm3/min flow rate. At
this operating temperature or above based on preliminary studies,
the potassium metal formed intercalates with carbon material. The
sample was  cooled to room temperature when the activation pro-
cess was completed. It was washed with distilled water to obtain
a pH in the range of 6.8–7; it was oven dried at 110 ◦C and finally
packaged in an airtight container for further use.

2.3. Characterization of activated carbon

The techniques used to characterize the WTAC, include
Brunauer Emmett Teller (BET), Fourier transform infrared spec-
troscopy (FTIR), Boehm titration and pH point of zero charge
(pHzpc).

The surface area, total pore volume and average pore diameter
of the samples were determined from the adsorption isotherms of
nitrogen at 77 K by using micrometrics model, ASAP 2020, 700VA,
made in U.S.A. volumetric analyzer. Mesopore volume was calcu-
lated by subtracting the total volume obtained at a relative pressure
of 0.99 from the micropore volume obtained from t-plot.

The FT-IR analysis was  done using a Thermo Scientific; model
IS10 Nicolet and a KBr model 4350 L Carver Inc., made in U.S.A. The
spectra of the WTAC before and after adsorption was  in a range of
3735.83–588.02 cm−1.

The traditional Boehm titration method [29] which has been
standardized [30] was used as a chemical method to identify oxy-
gen surface groups on the WTAC. This is based on the principle that
oxygen groups on the carbon surface have different acidities which
can be neutralized by bases of different strength. One  gram of WTAC
was  added to 50 mL  of 0.05 M of these solutions: sodium hydrox-
ide (NaOH), sodium carbonate (Na2CO3), and sodium bicarbonate
(NaHCO3). The samples were shaken for 24 h and then filtered to
separate the WTAC from solution, and 10 mL  of each filtrate was
pipetted from the bulk of the samples. To each filtrate of NaOH
and NaHCO3, 20 mL  of 0.05 M HCl was added to acidify the solution
while 30 mL  of 0.05 M HCl was added to aliquot of Na2CO3 (diprotic
base) to ensure complete neutralization. The samples were titrated
with 0.05 M each of NaOH and HCl for the determination of acidic
and basic groups. The number of acidic sites of the WTAC was cal-
culated under the assumption that NaOH neutralizes carboxylic,
lactonic and phenolic groups, while Na2CO3 neutralizes carboxylic
and lactonic groups and NaHCO3 neutralizes carboxylic groups.

The zero surface charge of the WTAC characteristics was  done by
using the solid addition method [31]. Three initial concentrations
of KNO3 (0.1, 0.01, 0.001 mol/dm3) of 40 mL  each were measured
into eighteen 100 mL  conical flasks with glass stoppers and 0.1 g
of WTAC added. The pHs of the prepared KNO3 solutions were
adjusted between 2 and 12 with either 0.1 M of KOH or 0.1 M H2SO4.
The samples were shaken for 40 h at 140 rpm. At the expiration of
time, when equilibrium was established between the KNO3 solu-

tion and the WTAC, the final pH readings were noted. The final pH
values were plotted against the initial pH values of the solution
and at the point where plateau like feature occurred on the plot,
the corresponding pH reading was noted and taken as the pHzpc of
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Fig. 1. FT-IR spectra for the waste tea (precursor), WTAC before and after adsorption.

Table 1
Boehm titration for determination of oxygen surface groups on WTAC.
04 M. Auta, B.H. Hameed / Chemical E

TAC. This method is similar to Babic et al. [32] and Cerovic et al.
33].

.4. Batch equilibrium studies

Batch equilibrium studies were conducted at different temper-
tures of 30, 40 and 50 ◦C in a set of Erlenmeyer flasks (250 mL)
ith different concentrations (50–350 mg/L) of AB25. WTAC of

.20 g was measured into each of the flasks and the initial pH
f the dye solution was maintained. Thereafter, the flasks were
laced in a water bath shaker at a controlled temperature with
onstant speed of 140 rpm. After 6 h of agitation, equilibrium con-
ition was attained and samples were taken, filtered to determine
oncentration of the dye left in the solution with the aid of UV–Vis
pectrophotometer (Shimadzu UV/vis 1700, Japan) at maximum
avelength, �max = 602 nm.  The amount of the dye adsorbed at time

, at equilibrium qe (mg/g) was calculated using

e = (Co − Ce)V
W

(9)

here Co and Ce (mg/L) are the liquid-phase concentration of the
ye at the initial and equilibrium respectively; V is the volume (L)
f the solution; and W is the mass (g) of the dry adsorbent used.

The effect of initial pH on the adsorption of the AB25 by WTAC
as carried out by adjusting the pH of the solution with 0.1 M
Cl and 0.1 M NaOH solutions. The study was conducted in a set
f 250 mL  Erlenmeyer flasks charged with 200 mg/L and 0.20 g of
he dye concentration and WTAC respectively. This was run at a
emperature of 30 ◦C for 6 h.

.5. Batch kinetic studies

Kinetics study, which involved temperature regulation, shaking
ate, initial concentration and the neutral pH of the solution, were
dentical to those of the equilibrium tests. The aqueous samples

ere taken at pre-set time intervals and their concentrations were
etermined.

. Results and discussion

.1. Characterization of the activated carbon

The Brunauer Emmett Teller analysis of WTAC gave BET surface
rea of 820 m2/g, Langmuir surface area of 1224 m2/g, average pore
iameter of 2.458 nm and a cumulative pore volume of 0.219 cm3/g.
he relatively high surface area was attributed to the intercalation
f potassium metal from intermediate reaction of KOH (formed
hrough hydrolysis of potassium metal) with carbon [34].

The FT-IR spectra for the WTAC before and after adsorption
re presented in Fig. 1. The spectra of the three samples (pre-
ursor, activated carbon before adsorption and after adsorption)
evealed the presence of several peaks of functional groups. They
ll had a long stretch bandwidth around 3500–3200 cm−1 sig-
ifying presence of O H and N H functional groups, although

ocated at different bandwidths. The waste tea had its O H
and width from 3448.04 cm−1 and above, 3421.65–3854.07 cm−1

or WTAC before adsorption and WTAC after adsorption had its
 H/N H band width from 3853.61–3415.01 cm−1. This could be
ttributed to pyrolysis and some chemical reactions undergone
y the carbon surface material. The precursor had C O func-
ional group peaks located on 1734.87 and 1654.34 cm−1. Some

 C, benzene groups were located on 1508.25 and 1541.29 cm−1.

ome inorganic carbonates compounds in plane bend of C O
ere found on 1458.11 cm−1, band width 1375.14 cm−1 had

O stretch, 1034.20 cm−1 and 588.02 cm−1 band widths had
ome molecules containing sulfur/oxygen bonds (S O) and sil-
Carboxylic Lactonic Phenolic Acid Basic Total

0.341 0.022 1.211 1.574 2.558 4.132

ica Si O Si bend respectively. The WTAC before adsorption had
peaks between 2360.68–2343.18 cm−1 signifying C H stretching
position <3000 cm−1 for saturated CH3, CH2 and CH, functional
groups such as C O, C O and C C were located between 1653.41
and 1559.95 cm−1 band width and some inorganic sulfates and
silica Si O Si asymmetric stretch were found on wave number
range of 1116.84–599.42 cm−1. The WTAC after adsorption had its
C H position slightly shifted to 2360.87–2343.14 cm−1. Some C O
and C C groups were found between 1685.42 and 1654.43 cm−1

wave numbers, the presence of some amines and nitro functional
groups were located on peak numbers 1560.01 cm−1 (NH2 scis-
sion), and 1541.30 cm−1 (NO2 asymmetric stretch), 1170.24 cm−1

(saturated secondary amine C N stretch) respectively which were
attributed to the AB25 adsorbed on the WTAC. On  the whole, band
intensities were decreased after the adsorption of dye molecule
on WTAC which support the adsorption of dye molecules on the
pores of WTAC. Peaks on 1458.17 cm−1, 668.77–607.57 cm−1, and
458.87 cm−1 signified presence of carbonates C O,  sulfates S O
bends, silica Si O Si bends respectively. The observed spectra
showed that WTAC produced consists of several surface functional
groups which contributed positively to its colour removal effi-
ciency.

The result for experimental determination of pHzpc from vari-
ous KNO3 concentrations used (figure not shown) was  7.2 ± 1.

The result of the Boehm titration further confirmed the nature of
the WTAC surface produced which enhanced the adsorption of the
AB25 from the solution. The titration result is presented in Table 1.

3.2. Effect of solution pH

The solution pH is an important parameter in adsorption pro-
cesses especially in the evaluation of adsorption capacity. Fig. 2
shows the effect of initial pH of solution on the adsorption of AB25
by WTAC. An investigation of the effect of pH on adsorption of
the dye was carried out at pH range of 2–12 for 6 h. The climax
of adsorption was attained at lowest pH 2 and the least removal
was  obtained at pH 12. At lower pH, more hydrogen ions (protons)
were in the solution making the surface of the adsorbent more pos-

itive thereby promoting electrostatic attraction activities between
the negatively charged SO3

− anion of the dye and the adsorbent.
More so, between pH 7 and 11, optimum adsorption occurred due to
interaction of amines groups of AB25 with carboxyl groups of WTAC
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Fig. 3. Effect of initial concentration on the adsorption of AB25 on WTAC (temper-
ature = 30 ◦C, rpm = 140, V = 200 ml, W = 0.20 g, pH 7).

Fig. 4. Effect of initial concentration on the equilibrium adsorption removal of AB25
on  WTAC (temperature = 30 ◦C, rpm = 140, V = 200 ml, W = 0.20 g, pH 7).
ig. 2. Effect of pH on AB25 adsorption by WTAC (Co = 100 mg/L, V = 200 ml,
 = 0.20 g, shaking speed: 140 rpm, temperature = 30 ◦C).

35]. The pHzpc 7.2 result revealed that the free H+ and OH− in the
olution couple with and Si O Si, NH2

+and NH+, and numerous
 H/O H functional groups on WTAC promoted free electrostatic
ttraction which lead to adsorption of the dye. At both acidic and
asic mediums, a remarkable adsorption of the dye was obtained,
his was due to the presence of both amino and silica groups on
B25 a characteristic behaviour of amphoteric substances.

However, beyond pH 11 (>pH 11), a slight decrease in dye uptake
ccurred due to numerous and keen competition between OH− and
OO− in binding with the N+ of WTAC. Between pH 2 and 4, elec-
rostatic repulsion of similar charges (anionic and cationic) in the
olution occurred leading to reduction in adsorption; similar trend
as been reported [36].

.3. Effect of initial dye concentration

Concentration variation, which is synonymous to change in
riving force in all reactions, was studied by varying the ini-
ial concentrations of the dye solution for adsorption by WTAC
o a range of 50–350 mg/L. It was observed that the changes in
he adsorption uptake (46–199 mg/g) was directly proportional
o increase in concentration of the initial dye solution but equi-
ibrium of adsorption was achieved faster at lower concentration
han at higher concentrations. The equilibrium adsorption per-
entages of 50–150 mg/L was between 97.53 and 98.20% while at
igher concentrations of 250 and 350 mg/L, the adsorption per-
entages were 82.66 and 57.72% respectively. This is because more
olecules of the adsorbate were in solution competing for the

vailable binding sites of the adsorbent at higher concentrations
han at lower concentrations which further translated to higher
dsorption [3,4]. Equilibrium position was achieved at lower con-
entrations (50–100 mg/L) in 50 min  at higher temperature of 50 ◦C
figure not shown), while at lower temperature of 30 ◦C it took
20–360 min  for adsorption of the dye solution to attain equilib-
ium. Nevertheless, the total equilibrium position was  measured
fter 6 h in other to accommodate all concentrations involved. The
ffect of initial concentration on AB25 adsorption on WTAC and the
quilibrium adsorption percentage removal at various concentra-
ions, at 30 ◦C are shown in Figs. 3 and 4 respectively.

.4. Effect of temperature

The effect of temperature on the equilibrium of adsorption of
B25 on WTAC was carried out at various temperatures of 30, 40

nd 50 ◦C. The result of this effect is given in Fig. 5. Increasing the
emperature of the adsorption process translated to decrease in
dsorption capacity. This could be due to the fact that the process
as more exothermic in nature.
Fig. 5. Effect of temperature on the adsorption of AB25 on WTAC (W = 0.20 g,
V  = 200 ml,  rpm 140, pH 7).

3.5. Adsorption isotherm

3.5.1. Langmuir isotherm
The non-linear form of the Langmuir isotherm model [37] is

given as:

qmCeb

qe =

(1 + bCe)
(10)

where Ce is the equilibrium concentration of the AB25 adsorbed
mg/L, qe is the amount of AB25 adsorbed mg/g, qm and b (Lang-
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Fig. 6. Langmuir Freundlich and Temkin non-linear isotherms for adsorption of
AB25  on WTAC at temperature 30 ◦C.

Table 2
Langmuir Freundlich, Temkin and Dubinin–Radushkevich isotherm model param-
eters for the adsorption of AB25 onto WTAC.

Temperature (◦C) qm (mg/g) b (L/mg) R2

Langmuir isotherm
30 203.34 0.422 0.999
40  200.81 0.189 1.000
50  180.23 0.291 0.999

Temperature (◦C) KF 1/n  R2

Freundlich isotherm
30 88.26 0.180 0.786
40  69.07 0.223 0.832
50  84.29 0.184 0.630

Temperature (◦C) kT (L/mg) B R2

Temkin isotherm
30 10.218 28.020 0.907
40  4.880 31.018 0.894
50  11.981 28.163 0.910

Temperature (◦C) qm (mol/g)  ̌ (mol2/J2) 107 E (kJ/mol) R2

Dubinin–Radushkevich (D–R) isotherm
30 198 6 0.913 0.960

m
a

L
d
i
l
r
t
g

R

w
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w
e

40  160 7 0.845 0.868
50  192 8 1.118 0.986

uir constants), the monolayer adsorption capacity and affinity of
dsorbent towards adsorbate, respectively.

A plot of qe against Ce (Fig. 6) gave a fitted curve, and the
angmuir constants were generated from the plot of sorption
ata (Table 2). The results of essential characteristics of Langmuir

sotherm expressed in dimensionless separation factor RL, calcu-
ated for all concentrations at various temperatures investigated
evealed that the entire adsorption processes were favourable since
heir values were in the range of 0 < RL < 1. The RL equation [38] is
iven by:

L = 1
(1 + bCo)

(11)

here b is the Langmuir constant, and Co the highest dye concen-
ration mg/L.

.5.2. Freundlich isotherm
The non-linear form of the Freundlich model is given [39] as:
e = KF C1/n
e (12)

here qe is the amount adsorbed at equilibrium, mg/g; Ce is the
quilibrium concentration of the adsorbate, mg/L; KF and n are the
ering Journal 171 (2011) 502– 509

Freundlich equilibrium coefficients. The value of n gives informa-
tion on favourability of adsorption process and KF is the adsorption
capacity of the adsorbate.

A plot of qe against Ce (Fig. 6) gave poor curves indicating that
the adsorption process did not follow the model. The values of the
Freundlich equilibrium coefficients KF and n were generated from
the plot of sorption data. The parameter 1/n  is a measure of adsorp-
tion intensity or surface heterogeneity with values between 0 and 1
becoming more heterogeneous as the value gets closer to zero. The
graphs of the Langmuir and Freundlich isotherms and their param-
eters obtained are presented in Fig. 6 and Table 2 respectively.

3.5.3. Temkin isotherm
Temkin and Pyzhev [40] considered the effect of the adsor-

bate interaction on adsorption and proposed the model known as
Temkin isotherm, which can be expressed as:

qe = B ln(kT Ce) (13)

where kT is the equilibrium binding constant corresponding to the
maximum binding energy, B is related to the heat of adsorption, qe

is the experimental adsorption capacity (mg/g), Ce is the concen-
tration of the AB25 adsorbed at equilibrium position (mg/L);

B = RT

bT
(14)

where 1/bT indicates the adsorption potential of the adsorbent; R is
the universal gas constant (8.314 J/kmol); and T is the temperature
in Kelvin (K).

A plot of qe against Ce at various temperatures of operation
gave good curves (Fig. 6). The interaction of adsorbate proposed by
Temkin leads to linear decrease in heat of adsorption of molecules
layer as adsorbate coverage progresses. It also talks about the uni-
form distribution of binding energies to certain level, which may
be dependent strongly on the density and distribution of functional
groups of both the dye and the adsorbent surface.

3.5.4. Dubinin–Radushkevich (D–R) isotherm
The Dubinin–Radushkevich model [41] is used to estimate the

characteristic porosity and the apparent free energy of adsorption.
It helps to determine the nature of adsorption processes whether
physical or chemical. The D–R sorption is more general than the
Langmuir isotherm, as its derivation is not based on ideal assump-
tions such as equipotent of the sorption sites, absence of steric
hindrances between sorbed and incoming particles and surface
homogeneity on microscopic level.

The non-linear presentation of the D–R isotherm equation is as
follows:

qe = qm exp(−ˇε2) (15)

where qe is the amount of dye molecules adsorbed on per unit
weight of adsorbent (mol/L), qm is the maximum adsorption capac-
ity mol/g;  ̌ is the activity coefficient related to adsorption mean
free energy mol2/J2; and ε is the Polanyi potential given by

ε = RT ln
(

1+
1
Ce

)
(16)

A plot of qe against ε2 gave non-linear graphs (figure not shown).
The adsorption mean free energy, E (kJ/mol) is given as:

E = 1

(2ˇ)0.5
(17)
The mean free energy (E) of adsorption specifies the adsorption
mechanism whether its physical or chemical. Physical adsorption
process occurs if the value of E < 8 kJ/mol while 8 < E < 16 kJ/mol
describes chemical (ion-exchange) adsorption mechanism [41].
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ig. 7. Pseudo-second-order non-linear method for adsorption of AB25 on WTAC at
0 ◦C.

he parameters obtained for non-linear plots the Temkin and
ubinin–Radushkevich models are presented in Table 2.

The values of the parameters as presented in Table 2 clearly
howed that Langmuir model described more of the adsorption pro-
ess of AB25 on WTAC due to the high R2 values; this is similar to
esults obtained on basic dye adsorption by oil palm fiber activated
arbon [42]. According to Langmuir model, the adsorption process
ollowed a homogeneous and monolayer mechanism and the max-
mum monolayer adsorption capacity was 203.34 mg/g. The more
eneral form of Langmuir model, Dubinin–Radushkevich model,
urther supported the monolayer mechanism which was physi-
al in nature as the values of mean free energy E, were less than

 kJ/mol. Physical adsorption has also been reported for systems of
hodamine B on scrap tires [43].

A lot of researches have been done on adsorption of acid based
yes from wastewater, comparisons of this research result with
ome results of similar works done in the past are tabulated in
able 3. The new activating agent potassium acetate, developed
ery well the surface area of the waste tea (820 m2/g) and exposed
ts numerous functional groups as revealed by the FTIR analysis;
his gave the new adsorbent WTAC, good adsorption of AB25 that
s comparable to other works on adsorption of acid dyes from other
dsorbents.

.6. Adsorption kinetic models

.6.1. Pseudo-first-order model
The non-linear form of pseudo-first-order equation [52] is given

s:

t = qe(1 − e−k1t) (18)

here qe and qt are the amount of AB25 adsorbed (mg/g) at equi-
ibrium and at time t (h) respectively; k1 is the rate constant of
dsorption (h−1). Plots of qt against t, at various temperatures stud-
ed were plotted (figure not shown) and their parameters generated
re presented in Table 4.

.6.2. Pseudo-second-order model
The pseudo-second-order adsorption model [53] can be calcu-

ated using the equation:

t = k2q2
e t

(1 + k2qet)
(19)

here k2 (g/mgh) is the rate constant of second order adsorption.
lots of qt versus t at various temperatures studied gave very good
urves as shown in Fig. 7. Table 4 has results of parameters gener-

ted from the plots of pseudo-second-order kinetic model for the
dsorption of AB25 on WTAC.

The results of the two kinetic models tested showed that both
seudo-second and pseudo-first-order models described well the
Fig. 8. Intra-particle diffusion plots under different initial AB25 concentrations
(temperature = 30 ◦C, rpm = 140, V = 200 ml, W = 0.20 g, pH 7).

adsorption process but, pseudo-second-order model gave the best
adsorption of AB25 on WTAC as can be seen from the small value
of the model’s rate adsorption constant when compared with the
adsorption constant values for first order. Similarly, the calculated
adsorption capacity values for second-order model were equally
closer to the experimental adsorption capacity values than those
of the pseudo-first-order adsorption capacity. Going by the val-
ues of correlation coefficient R2, for the two  models, it might have
been difficult to conclude and select the best model for the adsorp-
tion process since the values were higher interchangeably from one
model to the other; couple with the fact that results of correlation
coefficient is not a sufficient criteria for selection of an adsorption
kinetic model [54]. However, the correlation coefficient R2 values
were more tending towards unity for the pseudo-second-order
model than for first order model; and the calculation of pseudo-
first-order model parameters gave higher values of standard errors
SE, than those of second-order model which further showed non-
preference for first order model fit for description of the adsorption
process.

3.6.3. Intra-particle diffusion model
Adsorption mechanism of the adsorption of AB25 on WTAC

was  investigated. This was  done by testing the possibility of intra-
particle diffusion as rate limiting step using intra-particle diffusion
model, which can be represented by an equation [55] as:

qt = kipt0.5 + C (20)

where kip (mg/g min1/2) is the intra-particle diffusion rate constant
and C gives idea on the boundary thickness. A plot of qt against
t0.5 at various initial AB25 concentrations gave two phases of lin-
ear plots. The steepy sides of the plots indicated boundary layer
diffusion and intra-particle diffusion of AB25 molecules was repre-
sented by the most linear portion. Adsorption of the dye was more
gradual when intra-particle diffusion was the rate controlling step.
The values of the slope obtained from the boundary layer diffusion
plots represented by kib, were much higher than kii, intra-particle
diffusion plots (table not shown). This indicated that intra-particle
diffusion greatly controlled the adsorption rate; although bound-
ary layer diffusion or initial external mass transfer also contributed
since the slope will be linear but will not pass through the origin
[56]. The intra-particle diffusion plot is shown in Fig. 8.
3.7. Thermodynamics of adsorption

In a typical adsorption study, a very important decision has to
be made on whether the reaction is spontaneous or not; with the
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Table 3
Comparison of monolayer adsorption of Acid dyes onto various adsorbents.

Adsorebents Dyes Maximum monolayer adsorption
capacities (mg/g)

Reference

WTAC Acid blue 25 203.34 This work
Soy  meal hull Acid blue 92 114.94 [44]
Soy  meal hull Acid red 14 109.89 [44]
Baggase pith Acid blue 25 17.5 ± 0.5 [45]
Baggase pith Acid red 114 20.0 ± 0.5 [45]
Activated palm ash Acid green 25 123.4 [46]
(HDEDMABr) modified P. coccinea Acid red 44 105.0 [47]
Azolla filiculoides Acid Red 88 109.0 [48]
Azolla  filiculoides Acid Green 3 133.5 [48]
Azolla  filiculoides Acid Orange 7 109.6 [48]
Mesoporous granular pine-cone derived activated carbon Acid Black 1 452.9 [49]
Mesoporous granular pine-cone derived activated carbon Acid Blue113 298.4 [49]
Sawdust carbon Acid Yellow 36 183.8 [50]
Rice husk carbon Acid Yellow 36 86.90 [50]
PEI-modified Penicillium chrysogenum biomass Acid orange 8 352 [51]
PEI-modified Penicillium chrysogenum biomass Acid blue 45 196 [51]
Pristine P. chrysogenum biomass Acid orange 8 33 [51]
Pristine P. chrysogenum biomass Acid blue 45 18 [51]

Table 4
Kinetic parameters of pseudo-first and pseudo-second order models for the adsorption of AB25 on WTAC at 30 ◦C.

Dye conc. (mg/L) qe , exp (mg/g) Pseudo-first order parameters Pseudo-second oder parameters

k1 (h−1) qe , cal R2 Standard error, SE k2, 103 qe , cal R2 Standard error, SE

50 46.992 0.034 42.98 0.947 2.439 1.2 46.46 0.987 0.899
100 95.423 0.031 85.97 0.817 5.793 0.5 93.31 0.967 0.848
150  147.138 0.011 144.61 0.776 11
250  196.608 0.041 158.42 0.878 10
350 199.326  0.046 174.09 0.943 11

Table 5
Thermodynamic parameters at various temperatures studied.

Gibbs free energy �G (kJ/mol) Enthalpy �H
(kJ/mol)

Entropy �S
(J/Kmol)

a
e
b
e

�

w
l

e
V

l

A
w

a
i
e
s
v
a
w
e
o
B

30 ◦C 40 ◦C 50 ◦C

26.72 26.97 27.68 5.7699 10.3459

id of thermodynamic parameters such as change in Gibbs free
nergy (�G), enthalpy (�H), and entropy (�S), the thermodynamic
ehaviour of the adsorption reaction towards spontaneity can be
valuated. The parameters were calculated using the equation:

G = −RT ln K0 (21)

here R is the universal gas constant (8.314 J/Kmol); T is the abso-
ute temperature (K); Ko is the distribution coefficient.

The thermodynamic parameters such as change in Gibbs free
nergy �G, entropy �S  and enthalpy �H; were evaluated using
an’t Hoff equation which is given as:

n Ko = −�G

RT
= �S

R
− �H

RT
(22)

 plot of ln Ko against 1/T  gives a graph (figure not shown) where
e can obtain �S  from the intercept and �H from the slope.

The thermodynamic parameters obtained at various temper-
tures investigated for 50 mg/L dye concentration are presented
n Table 5. The negative values obtained for change of Gibbs free
nergy (�G), showed that the adsorption of AB25 on WTAC was
pontaneous in nature. This was further confirmed by the negative
alues of enthalpy (�H) obtained at all temperatures signifying the
dsorption process was exothermic, physical in nature and involves

eak forces. Also, it is spontaneous depicting the general pattern of

xothermic reactions. Similar results were reported for adsorption
f Reactive blue 19 and some reactive dyes (RY-145, RR-194 and RB-
) on modified bentonite and Sorel’s cement respectively [57,58].
.868 0.1 168.85 0.890 0.885

.279 0.4 169.32 0.960 0.848

.960 0.4 186.08 0.981 0.827

The positive value of entropy (�S) at all temperatures under study
revealed that excitement or randomness increased at the interface
(solid–liquid) during the adsorption AB25 dye on WTAC and also
showed affinity between the adsorbent and adsorbate [58,59].

4. Conclusion

This study confirmed that the new activating agent potassium
acetate is good for chemical activation of carbon material and
also showed that, waste tea can be utilized for production of
WTAC which is a good potential adsorbent for the adsorption of
AB25. Langmuir, Freundlich, Temkin and Dubinin–Radushkevich
isotherm models were tested for the adsorption of AB25 onto
WTAC, but Langmuir model distinctively stood out as the best
model representing the adsorption process. The prepared adsor-
bent exhibited high adsorption capacity of 203.34 mg/g and the BET
surface area was 820 m2/g. The two  kinetic models tested, Lager-
gren and Svenska for pseudo-first-order and pseudo-second order
both relatively represented well the kinetics of AB25 on WTAC but
pseudo-second order model gave the best.
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