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Abstract: - The present investigation deals with the utilization of pulp waste as an adsorbent for the removal of
zinc (11 ion from aqueous solution. A series of experiments were conducted in a batch system to evaluate the
performance of the pulp waste for zinc removal. The effects of pH, adsorbent dosage, initial concentration and
temperature were evaluated. The optimum pH value for zinc (I1) adsorption on the pulp waste was found to be
pH 6.0. The equilibrium sorption data were analyzed using Freundlich, Langmuir, Temkin, Halsay, Hurkins-
Jura, Redlich-Peterson, Dubinin-Radushkevich and Jovanovich isotherm models, and the Langmuir and
Temkin models were found to be adequate in describing the zinc (11) adsorption onto the pulp waste.
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1. Introduction The removal of zinc ions from wastewater can
Zinc is involved in numerous aspects of cellular be done using different methods, such as ion
metabolism. It is required for the catalytic activity exchange, chemical precipitation, reverse osmosis,
of approximately 100 enzymes [1, 2] and it plays a electrochem_lcal treatment, evaporative recovery,
role in immune function [3,4], protein synthesis [4], and adsorption [11-13]. However, thesq treatment
wound healing [5], DNA synthesis [2, 4], and cell methods are costly and also suffer from incomplete
division [4]. Zinc also supports normal growth and removal. The search for new cost effective
development during pregnancy, childhood, and technologies involving the removal of heavy metals
adolescence [6-8] and is required for proper sense of has been oriented to adsorption based on metal
taste and smell [9]. A daily intake of zinc is required binding capacities of different low cost materials.
to maintain a good health because the human body Several adsorbents, such as bagasse fly ash [14], fly
has no specialized zinc storage system [10]. A wide ash [15], wheat shell [16], spent activated clay [17],
variety of foods contain zinc [2]. Oysters contain modified goethite [18], pineapple and paper waste
more zinc per serving than any other food, but red [19] have been used for treatment of heavy metal
meat and poultry provide the majority of zinc in the ions adsorption. _
American diet. Other good food sources include _Adsorption is defined as a process where solute
beans, nuts, certain types of seafood (e.g., crab and is removed from a liquid phase through contact with
lobster), whole grains, fortified breakfast cereals, a solid adsorbent which has a special affinity to that
and dairy products [2]. particular solute. The main advantages of adsorption
However, excess amounts of heavy metals are process are low ope_rat_ing_ cost, easily available
toxic and harmful to human being. Zinc is most sorbent sources, minimization of the volume of
often found in plating and galvanizing operations. In sludge to be disposed of, recovery of the metal from
plating shops, the zinc often complexes with the adsorbents and regeneration of the adsorbents
cyanide and the cyanide must be treated to free the for reuse. A number of natural and synthetic
zinc before precipitation can occur. Traditional adsorbents have been studied by various researchers
cyanide destruct systems use sodium hypochlorite to for the removal of heavy metal ions.
oxidize the cyanide. Like copper, zinc can be In the present investigation pulp waste has
precipitated as hydroxide which can be removed by been used as an adsorbent for the removal of zinc
ion exchange. (1), with an objective to explore the possibility of
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utilizing pulp waste for the adsorptive removal of
zinc (I1) from waste water solutions. The effects of
initial pH, adsorbent doses, initial metal
concentration and temperature were investigated.
The experimental equilibrium adsorption data were
fitted to the Freundlich, Langmuir, Temkin,
Hurkins-Jura, Halsay, Redlich-Peterson, Dubinin-
Radushkevich and Jovanovic isotherm equations to
determine the best-fit isotherm.

2. Materials and Methods

2.1Preparation of Adsorbent

The pulp waste was obtained from the Berli Jucker
Public Co. Ltd. (Thailand). The waste was produced
from the final recycle pulp process of the pulp
processing facility. The pulp waste was washed with
distilled water to remove suspended materials and
the dried in an oven at 105 °C for 48 h. The dried
sludge was sieved into particle size ranges 150-300
pm. The so prepared pulp waste was kept in
desiccators prior to adsorption experiments.

2.2 Chemical Reagents

All reagents used in this study were of analytical
grade. A stock solution of zinc (I1) was prepared by
dissolving a predetermined amount of zinc chloride
in 1 L of distilled water. All solutions used in the
adsorption experiments were prepared by diluting
the stock solution to the required concentrations.
The pH of each feed solution was adjusted to a
given initial pH value using 1 M HCl or 1 M NaOH.
The concentration of residual zinc (I1) in the liquid
solution was determined with an atomic absorption
spectrophotometer (Varian AA220).

2.3 Batch Adsorption Experiments
Adsorption experiments for zinc (Il) ion on the
adsorbents were carried out using a batch method.
The initial pH of the solution was adjusted with
hydrochloric acid or sodium hydroxide before
addition of the absorbent; the pH was monitored
using a pH meter throughout the experiments. 1 g
of adsorbent was added to 100 mL of the zinc (II)
solution at a pH maintained in a range of 2 to 13.
The solution was stirred in a digital shaker at 110
rpm and at a constant temperature (30 °C). The
samples were filtrated and the zinc (II)
concentration in the solution was analyzed using the
atomic absorption spectrophotometer.

The zinc (Il) adsorption capacity was
determined at different zinc (1) concentrations
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ranging from 50-200 ppm and a fixed amount (1 g)
of adsorbent in 100 mL solution was used to
calculate the adsorption constant by using different
isotherms. The adsorption capacities of the
adsorbent were calculated. After the sorption
equilibrium was attained, the zinc (1) uptake
capacity was calculated to based on mass balance

(CI

. —C,)V

Qe = (1)

where C; = initial zinc (II) concentration; C, =
equilibrium zinc (I1) concentration; V = volume of
the solution (L) and m = weight of pulp waste (g).

The zinc (I1) removal efficiency of sorption
is calculated using the equation

Zinc (1) removal efficiency(%) = (Ci;Ce)x 100 (@

2.4 Adsorption Equilibrium Isotherm

2.4.1 Freundlich adsorption isotherm

The Freundlich adsorption isotherm is based on the
equilibrium sorption on heterogeneous surfaces.
This isotherm is derived from the assumption that
the adsorption sites are distributed exponentially
with respect to heat of adsorption. The adsorption
isotherm is expressed by the following equation [20-
21]:

Qe = KFCel/nF (3)
which can be linearized as
1
Ing, = In KF+n—In Ce 4)

F

where g, is the amount of zinc (Il) adsorbed at
equilibrium (mg/g) and C, is the concentration of
zinc (I1) in the aqueous phase at equilibrium (ppm).
Ke (L/g) and 1/ng are the Freundlich constants
related to adsorption capacity and sorption intensity,
respectively.

2.4.2 Langmuir adsorption isotherm

The Langmuir adsorption isotherm is based on the
assumption that all sorption sites possess equal
affinity to the adsorbate. The Langmuir isotherm in
a linear form can be represented as [22-23]:
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Ce

-1 G (5)
de  9nKL dp

where . is the amount of zinc (Il) adsorbed at
equilibrium (mg/g) and C. is the concentration of
zinc (1) in the aqueous phase at equilibrium (ppm).
gm is the maximum zinc (I1) uptake (mg/g), and K.
is the Langmuir constant related to adsorption
capacity and the energy of adsorption (g/mg).

2.4.3 Temkin adsorption isotherm

The Temkin adsorption isotherm assumes that the
heat of adsorption decreases linearly with the
sorption coverage due to adsorbent-adsorbate
interactions [24-25.] The Temkin isotherm equation
is given as:

. = 1IN (KrC,) (6)

T

which can be represented in the following linear
form

EIn Kt + ﬂIn Ce

b b @

Je =

where Ky (L/g) is the Temkin isotherm constant, by
(J/mol) is a constant related to heat of sorption, R is
the ideal gas constant (8.314 J/mol K), and T is
absolute temperature (K).

2.4.4 Hurkins-Jura adsorption isotherm
The Hurkins-Jura adsorption isotherm can be
expressed as [26-27]:

A
Qp = |t (8)
B, +1ogC,
which can rearranged as follows:
1 By 1
1B 1 ge 9)
d’ Ax Ay :

where Ay (g%/L) and By (mg?/L) are two parameters
characterizing the sorption equilibrium.

2.4.5 Halsay adsorption isotherm
The Halsay adsorption isotherm can be given
as [28-29]:
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q, = exp(ln KHa—|nCeJ (10)

Nha

and a linear form of the isotherm can be expressed
as follows:

InKy, InC,

Nha Nha

Ing, = (11)

where Ky, (Mmg/L) and ny, are the Halsay isotherm
constants.

2.4.6 Radlich-Peterson adsorption isotherm

The Radlich-Peterson adsorption isotherm contains
three parameters and incorporates the features of
Langmuir and Freundlich isotherms into a single
equation. The general isotherm equation can be
described as follows [30-31]:

KRCe

= 12
¢ 1+aRCg ( )

The linear form of the isotherm can be expressed as
follows:

Inc—e: gInC,-InKg
Qe

(13)

where Kr (L/g) and ag (L/mg) are the Radlich-
Peterson isotherm constants, and g is the exponent
between O and 1. There are two limiting cases:
Langmuir form for g = 1 and Henry’s law for g = 0.

2.4.7 Dubinin-Radushkevich adsorption isotherm
The Dubinin-Radushkevich adsorption isotherm is
another isotherm equation [32]. It is assumed that
the characteristic of the sorption curve is related to
the porosity of the adsorbent. The linear form of the
isotherm can be expressed as follows [33-34]:

e

2
Ing. = InQp —BD{RTIn(1+Ci)} (14)

where Qp is the maximum sorption capacity
(mol/g), and Bp is the Dubinin-Radushkevich
constant (mol?/kJ?).
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2.4.8 Jovanovic adsorption isotherm
The model of an adsorption surface considered by
Jovanovic [35] is essentially the same as that
considered by Langmuir. The Jovanovic model
leads to the following relationship [29]:

qe = qmax (1_eKJCe) (15)
The linear form of the isotherm can be expressed as
follows:

Ing, = Ing,.— K,C, (16)

where K; (L/g) is a parameter. gmax (Mg/Q) is the
maximum zinc (1) uptake.

2.5 Error Analysis

The traditional methods of determining the isotherm
parameters by linear regression appear to give a
good fit to experimental data. However, the R? is
based on the linear forms of the isotherm equations,
but does not represent the errors in the isotherm
curves. To evaluate the fit of the isotherm equations
to the experimental data, different error functions of
non-linear regression were used here to determine
the constants model parameters, and they were
compared with those determined from the less
accurate linearized data fitting. The residual root
mean square error (RMSE) and chi-square test were
used. RMSE can be defined as [36, 37]

1 n
RMSE = \/Eg:l(qe,exp_qe,cal)2 (17)

The subscripts “exp” and “cal” show the
experimental and calculated values and n is the
number of observations in the experimental
isotherm. The smaller the RMSE value, the better
the curve fitting. The chi-square test (38) is given as

2
XZ _ Z (qe,exp _qe,cal) (18)

i=1 Qe exp

If the data from the model calculation are close to
the experimental data, x> will be a small number;
the x* value can be used to measure how well the
model fits.
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3.Results and Discussion

3.1 Effect of initial pH on zinc (I1) adsorption
pH is an important parameter influencing heavy
metal adsorption from aqueous solutions. It
influences not only the surface charge of the
adsorbent, the degree of ionization of material
present in the solution, but also the dissociation of
functional groups on the active sites of the adsorbent
[39]. Fig. 1 shows the effects of initial pH of the
solution on the adsorption of zinc (II) onto pulp
waste at an initial zinc chloride concentration of 100
ppm. As shown in Fig 1, the sorption uptake of zinc
(I1) depends on pH. It increases with pH from 2.0 to
6.0, and above these levels, a further increase in pH
will decrease the sorption uptake. At low pH values,
there is a competition between the protons and zinc
ions on the sorption sites. At a higher pH, insoluble
zinc hydroxide starts to precipitate from the
solutions. The maximum removal efficiency was 60
% at pH 6.0, corresponding to a maximum
adsorption capacity (ge) of 2.82 mg/g under the
experimental conditions. Consequently, the working
pH for zinc (I1) removal by adsorption onto pulp
waste was chosen as 6.0 for subsequent adsorption
experiments.

100 4
— 0 Re
g 804 e e 3
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£
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Fig. 1 Effect of pH on zinc (11) adsorption onto pulp
waste (conditions: initial ZnCl, concentration 100
ppm, adsorbent dose 1 g/100 mL, agitation speed
110 rpm, contact time

3.2 Effect of Temperature

The effect of temperature on adsorption of zinc
onto pulp waste was investigated at three different
temperatures (30, 40 and 50 °C). Fig. 2 shows the
adsorption occurred rapidly in the first 60 min, after
which the adsorption gradually slowed down. The
adsorption appeared to have reached equilibrium
with 120 min.
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Fig. 2 Effect of temperature on percentage of zinc
(11 removal (Re) and adsorption capacity (ge) onto
pulp waste (conditions: initial ZnCl, concentration
100 ppm, adsorbent dose 1 g/100 mL, agitation
speed 110 rpm, contact time 120 min, pH 6.0)

From Fig. 2, the sorption uptake increases with
an increase in temperature from 30 to 40°C. At an
initial zinc chloride concentration of 100 ppm, the
equilibrium uptake increased from 2.08 to 2.54 mg
zinc (II) per gram of adsorbent with increasing
temperature from 30 to 40 °C. However, a further
increase in temperature to 50°C decreased the
equilibrium uptake to 2.32 mg zinc (I) per gram of
adsorbent. Zinc sorption was exothermic, and thus
the extent of sorption increased with a decrease in
temperature. The adsorption of zinc on dried pulp
waste may involve mainly physical sorption. The
decrease in sorption capacity of dried pulp waste at
higher temperature (50°C) may be attributed to the
deactivation of the adsorbent surface or the
destruction of some active sites on the adsorbent
surface due to bond rupture.

3.3 Effect of Adsorbent dosage

The effect of adsorbent dose on the removal of zinc
(1) was investigated by changing the quantity of
adsorbent in the test solution, as shown in Fig 3. The
removal of zinc (Il) increased with an increase in
the adsorbent dosage up to a certain level and then it
remains almost constant. This is expected because
of the increase in the adsorbent surface area and the
availability of more adsorption sites [40]. In
contrast, the adsorption capacity of zinc (Il) onto
pulp waste decreased with the increase in dose of
adsorbent. It was decreased from 2.54 to 1.35 and
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0.84 mg/g with an increase in the dose of adsorbent
from 1 to 3 and 5 g, respectively.

100 10

80 -8

Zinc (11) removal effeciency (%)
0e (M/g)

Time (min)

Fig. 3 Effect of adsorbent dose on percentage of
zinc (I1) removal (R.) and adsorption capacity (qe)
onto pulp waste (conditions: initial ZnCl,
concentration 100 ppm, agitation speed 110 rpm,
contact time 120 min, temperature 40 °C, pH 6.0)

3.4 Effect of initial zinc concentration

The adsorption capacity was determined at different
ZnCl, concentrations ranging from 50 to 200 ppm.
Fig. 4 shows the adsorption uptake at different
contact time at different initial zinc chloride
concentrations. It is shown that the adsorption was
fast during the early period of sorption but began to
slow down gradually at the end. The initial faster
rates of adsorption may be attributed to the presence
of a larger number of binding sites available for
adsorption, and the gradually reduced adsorption
rates at the end were caused by the saturation of the
binding sites and attainment of equilibrium. The
adsorption appeared to have reached equilibrium
within 60 min irrespective of initial ZnCl,
concentration.

It is also observed that as the initial ZnCl,
concentration increased from 50 to 200 ppm, the
adsorption capacity of the adsorbent increased. This
is easy to understand because a higher metal
concentration means a greater driving force for mass
transfer from the aqueous solution to the solid
adsorbent. However, for a given adsorbent dosage,
the percentage removal of zinc (1) decreased with
an increase in the initial ZnCl, concentration, as
shown in Fig. 5. This can be explained by the fact
that the adsorbent has a limit number of active sites,
and fewer of them are available at equilibrium
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sorption at a higher zinc loading levels. This
indicates that the overall adsorption uptake will
increase with an increase in the initial ZnCl,
concentration but the percentage of zinc that can be
adsorbed decreases.

0. (Mg/g)

0 20 40 60 80 100 120 140

—4— 50 ppm —e— 100 ppm —&— 150 ppm —e— 200 ppm

Time (min)

Fig. 4 Effect of initial ZnCl, concentration on the
adsorption capacity onto pulp waste (conditions:
adsorbent dose 1 g/100 mL, agitation speed 110
rpm, contact time 120 min, temperature 40 °C, pH
6.0)
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Fig. 5 Effect of initial ZnCl, concentration on
percentage of zinc (I1) removal efficiency onto pulp
waste (conditions: adsorbent dose 1 ¢/100 mL,
agitation speed 110 rpm, contact time 120 min,
temperature 40 °C, pH 6.0)
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3.5 Adsorption Equilibrium Isotherm

It is important to determine the most appropriate
correlation for equilibrium adsorption isotherm, to
optimize the design of a sorption system. The
Freundlich, Langmuir, Temkin, Hurkins-Jura,
Halsay, Redlich-Peterson, Dubinin-Radushkevich
and Jovanovich isotherm models were used to
analyze the adsorption equilibrium. Experimental
isotherm data were obtained at an adsorption time of
120 min at different temperatures.

3.5.1 Freundlich adsorption isotherm

The Freundlich constants Kg and 1/ng  were
calculated from the slope and intercept of the In g
versus In C, plot, as shown in Fig. 6, and the model
parameters are shown in Table 1. The magnitude of
K showed that pulp waste had a high capacity for
zinc (ll) adsorption from the aqueous solutions
studied. The Freundlich exponent, ng, should have
values in the range of 1 and 10 (i.e., 1/nr < 1) to be
considered as favorable adsorption [23]. A 1/ng
value of less than 1 indicated that zinc (Il) is
favorably adsorbed by pulp waste. As shown in Fig.
7, the Freundlich isotherm did not show a good fit to
the experimental data as indicated by RMSE and
Chi-square statistics in Table 1.

2.0

1.5 1

1.0 |

In ge

A A30°C
© 40 °C
050 °C

0.5 4

0.0

1.0 2.0 3.0 4.0 5.0 6.0
InC,

Fig. 6 Freundlich isotherm at different temperatures
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Table 1 Isotherm constants for zinc (I1) adsorption onto pulp waste at different temperatures

Isotherm Model Parameters Temperature (°C)
30 °C 40 °C 50 °C
1. Freundlich Ke (L/g) 0.578 0.780 0.751
1/ng 0.289 0.224 0.198
R? 0.982 0.995 0.995
RMSE 0.393 0.737 0.611
y2 0.145 0.419 0.321
2. Langmuir Om (Mg/g) 5.050 11.822 9.765
K. (9/mg) 0.025 0.013 0.012
R? 0.999 0.998 0.999
RMSE 0.054 0.119 0.074
x2 0.002 0.009 0.004
3.Temkin K+ (L/g) 0.230 0.176 0.1640
by (J/mol) 2221.729 1269.705 1548.645
R? 0.999 0.980 0.986
RMSE 0.012 0.245 0.173
2 0.0001 0.051 0.022
4. Hurkins-Jura Ay (97/L) 1.174 1.386 1.129
By (Mg?/L) 1.849 1.679 1.739
R? 0.890 0.909 0.893
RMSE 2.558 3.800 3.290
y2 4,981 7.606 6.597
5. Halsay Kpa (Mg/L) 0.116 0.147 0.116
Nha 1.731 1.282 1.332
R? 0.982 0.995 0.995
RMSE 3.283 4.628 4.027
x2 8.660 12.069 10.557
6. Redlich- g 0.422 0.220 0.249
Peterson Kr (L/g) 2.236 1.953 1.854
ag (L/mg) 7.729 8.187 9.067
R? 0. 967 0.943 0.957
RMSE 2.171 0.193 0.112
y2 0.027 0.018 0.011
7. Dubinin- Bo (mol¥/kJ?) 23.630 19.696 23.184
Radushkevich Qo (mol/g) 2.865 4.086 3.578
R? 0.951 0.904 0.926
RMSE 0.285 0.675 0.528
y2 0.065 0.273 0.174
8. Jovanovic K; (L/g) -0.017 -0.030 -0.026
Qmax (MQ/Q) 1.115 1.155 1.048
R? 0.868 0.923 0.925
RMSE 2.582 3.710 3.210
y 5.477 7.717 6.692
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Fig. 7 Comparison between the experimental (Qe, exp)
and calculated (qe, ) data for the Freundlich,
Hurkins-Jura, Halsay, Dubinin-Radushkevish, and
Jovanovic adsorption isotherms of zinc (I1) at 30 °C
onto pulp waste

3.5.2 Langmuir adsorption isotherm

A linear plot of Cg/qe versus C. was employed to
determine the value of g, and K., as shown in Fig.
8, and the data so obtained were also presented in
Table 1. The model predicted a maximum value that
could not be reached in the experiments. The value
of K. decreased with an increase in the temperature.
A high K value indicates a high adsorption affinity.
The monolayer saturation capacity, gm, is shown to
be 5.05, 11.82 and 9.77 mg/g at a temperature of 30,
40 and 50 °C, respectively

1.0

0.8

0.6 {

1/q,

0.4 1 A30°C
©40°C
050 °C

0.2

0.0

0.06 0.08 0.1

1/c,

0 0.02 0.04

Fig. 8 Langmuir isotherm at different temperatures
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Weber and Chakraborti [41] expressed the
Langmuir isotherm in term of dimensionless
constant separation factor or equilibrium parameter
(RL) defined in the following equation:

R = —L (19)
1+ K, C,

where Cy is the initial zinc (1) concentration (ppm).
Four scenarios can be distinguished: 1) The sorption
isotherm is unfavorable when R_. > 1, 2) the
isotherm is linear when R_ = 1, 3) the isotherm is
favorable when 0 < R <1 and 4) the isotherm is
irreversible when R, = 0. The values of
dimensionless separation factor (R.) for zinc (1)
removal were calculated at different concentrations
and temperatures. As shown in Table 2, at all
concentrations and temperatures tested, the values
of R, for zinc (I1) adsorption on the pulp waste were
less than 1 and greater than zero, indicating
favorable adsorption.

Table 2 dimensionless constant separation factor
(RV)

Initial ZnCl, Temperature
concentration 30 °C 40 °C 50 °C
50 ppm 0.00333 0.00396 0.00348
100 ppm 0.00077 0.00092 0.00084
150 ppm 0.00031 0.00040 0.00035
200 ppm 0.00016 0.00021 0.00019

The Langmuir isotherm showed a better fit to
the adsorption data than the Freundlich isotherm as
shown in Fig. 7 and Fig. 9. The fact that the
Langmuir isotherm fits the experimental data well
may be due to homogeneous distribution of active
sites on the pulp waste surface, since the Langmuir
equation assumes that the adsorbent surface is
energetically homogeneous.
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Fig. 9 Comparison between the experimental (e, exp)
and calculated (e, ca1) data for the Langmuir, Temkin
and Redlich-Peterson adsorption isotherms of zinc
(11) at 30 °C onto pulp waste

3.5.3 Temkin adsorption isotherm

A plot of ge versus In C, enables the determination
of isotherm constants Kt and by from the slope and
intercept, as shown in Fig. 10. The model
parameters are listed in Table 1. The Temkin
isotherm appears to provide a good fit to the zinc
(1) adsorption data. The non-linear error analysis
results are also presented in Table 1.

5.0

3
4.0 o
3.0
S o
2.0
A30°C
© 40 °C
1.0 4 050 °C
0.0 ‘ ‘ : :
1.0 2.0 3.0 4.0 5.0 6.0
InC,

Fig. 10 Temkin isotherm at different temperatures

The adsorption energy in the Temkin model,
br, is positive for zinc (II) adsorption from the
aqueous solution, which indicates that the
adsorption is exothermic. Temkin isotherm is
compared with the corresponding experimental data
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in Fig. 9, and the RMSE and ? values are presented
in Table 1. The experimental equilibrium curve is
close to that predicted by Temkin model.
Consequently, the adsorption isotherm of zinc (1)
on pulp waste can be described reasonably well by
the Temkin isotherm.

3.5.4 Hurkins-Jura adsorption isotherm

A plot of 1/q versus log C. enables the
determination of model parameters Ay and By from
the slope and intercept in Fig. 11. The isotherm
equation accounts for multilayer adsorption and can
be explained by the existence of a heterogeneous
pore distribution.

1.0

0.8

0.6 1

1/g,?

0.4 1 A30°C
©40°C
o50°C

0.2

0.0 - - -

0.5 1.0 15 2.0 25
log C,
Fig. 11 Hurkins-Jura isotherm at different
temperatures

3.5.5 Halsay adsorption isotherm
A plot of In g. versus In C,, shown in Fig. 12,
enables the determination of ny, and Ky, from the
slope and intercept. This equation is suitable for
multilayer adsorption and the fitting of the
experimental data to this equation attest to the
heteroporous nature of adsorbent. Fig. 7 also shows
that the experimental data and the model predictions
based on the non-linear form of the the Hurkins-Jura
and Halsay models. The model parameters are listed
in Table 1.

The values of RMSE and ° for the Hurkins-
Jura model are considerably big in comparison with
other models, suggesting that the Harkins-Jura
model could not describe the experimental data
satisfactorily for the adsorption of zinc (1) on pulp
waste. This result also shows that the adsorption of
zinc (1) on pulp waste was not based on significant
multilayer adsorption. The Halsay model is also not
suitable to describe the adsorption of zinc (II) on
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pulp waste either, because this model also assumes a
multilayer behavior for the adsorption of adsorbate
onto adsorbent. This is in agreement with large
RMSE and y° values (Table 1).

2.0

1.5

In ge

1.0

A30°C
© 40 °C
050 °C

0.5

0.0

1.0 2.0 3.0 4.0 5.0 6.0
InC,

Fig. 12 Halsay isotherm at different temperature

3.5.6 Radlich-Peterson adsorption isotherm

A plot of In C¢/ge versus In C. (shown in Fig.
13) enables the determination of isotherm
constants g and Kg from the slope and intercept.
The values of Kg, presented in Table 1, indicate
that the adsorption capacity of the pulp waste
decreased with an increase temperature.
Furthermore, the value of g lies between 0 and
1, indicating favorable adsorption.

4.0

3.5 1

3.0 |

2.5 1

In (C./qe)

/ A30°C
2.0 ©40°C
050 °C
15 1
1.0 ‘ ‘ ‘
1.0 2.0 3.0 4.0 5.0

InC,

Fig. 13 Radlich-Peterson isotherm at different
temperatures
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3.5.7 Dubinin-Radushkevich adsorption isotherm
A plot of In g, versus RT In (1+1/C,) enables the
determination of isotherm constants Bp and Qp from
the slope and intercept, as shown in Fig. 14.

2.0

In ge

0.0

0.03 0.04 0.05

RTIn (1+1/C,)

0 0.01 0.02

Fig. 14 Dubinin-Radushkevich isotherm at different
temperature

The mean energy of sorption, E (kJ/mol)
can be calculated by the following equation

1

E = 20
25 (20)
The calculated Dubinin-Radushkevich

constants and mean free energy for adsorption are
shown in Table 1. The mean adsorption energy (E)
was found to be of 0.146, 0.160 and 0.147 kJ/mol at
30 °C, 40 °C and 50 °C, respectively. As shown in
Table 1, Dubinin-Radushkevich model provides
worse agreement with experimental data in
comparison with Langmuir and Temkin model. This
is also evident in Fig. 7 and Fig. 9.

3.5.8 Jovanovic adsorption isotherm

The gmax iS obtained from a plot of In g, and C,, as
shown in Fig. 15. Comparison of the experimental
data and Jovanovic model is also shown in Fig. 7.
Their related parameters are listed in Table 1. The
RMSE and y? values for the Jovanovic model were
higher than all other models.
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2.0

1.5

1.0 4

In ge

0.5

0.0

C.

Fig. 15 Jovanovic isotherm at different temperatures

By comparing the values of the error
functions, it was found the Langmuir and Temkin
models are best to fit the zinc (I1) adsorption on the
pulp waste. Both models show a high degree of
correlation with low root mean square error (RMSE)
and chi-square (x?) values. This is clearly shown in
Fig. 9, confirming the good fit of Langmuir and
Temkin models with the experimental data for
removal of zinc (I1) from the solution.

4. Conclusions

Pulp waste was used as an adsorbent for
removal of zinc (II) from aqueous solutions.
The adsorption was influenced by such
parameters as initial pH, initial zinc (1)
concentration, adsorbent dosage and adsorption
temperature. The maximum uptake of zinc (II)
occurred at pH 6.0. The zinc (II) removal
efficiency was increased with an increase in the
adsorbent dosage and initial zinc ()
concentrations. It was shown that the pulp
waste could be used as an adsorbent to remove
zinc from waste water by adsorption. Studies of
the adsorption isotherms revealed that zinc
adsorption on the pulp waste followed the
Langmuir and Temkin models.
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