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Abstract

High concentration ammonium (NH,") discharges from aerated lagoon effluent (ALE) correlated to eutrophication of receiving
waters. This study presents the first attempt to scrutinise the mass transfer mechanism of NH," from ALE onto the granular
activated carbon (GAC) in batch and plug-flow.column (PFC) studies. The GAC was characterised by BET surface, X-ray
fluorescence, scanning electron microscopy, X-ray diffraction and Fourier transform infrared spectroscopy. The kinetics and
isotherm models were applied to experimental data to understand adsorption behaviour, while mass transfer factor (MTF) models
was used to determine global, external, and internal mass transfer. The PFC was successfully applied for the removal of NH,"
from ALE. The results showed that the adsorption of NH," from ALE on the GAC followed the pseudo-second-order kinetic
model and the Freundlich adsorption isotherm in batch study. The resistances of mass transfer for adsorption of NH," onto GAC
from the PFC are verified. The.use of these empirical models has been proved that the models were very suitable for PFC design
and understanding mechanism of mass transfer of solutes from waters onto porous materials.

Keywords: dE%ion, ammonium, isotherm, kinetics, mass transfer resistance

Abstrak
Kepekatan amonium (NH4") yang tinggi di dalam efluen yang dilepaskan dari kolam pengudaraan (ALE) akan menyebabkan
eutrofikasi pada saliran yang menerima efluen tersebut. Kajian ini dijalankan untuk meneliti mekanisma rintangan permindahan
jisim NH," dari ALE ke seluruh karbon teraktif berbutir (GAC) menggunakan kaedah ujikaji berkelompok dan aliran penuh
ruangan berongga (PFC). Sifat fizikal dan kimia GAC ditentukan dengan menggunakan ujikaji permukaan BET, pendarfluor
sinar-X, mikroskopi elektron pengimbasan, pembelauan sinar-X dan spektroskopi inframerah transformasi Fourier. Sifat
penjerapan GAC telah dianalisis dengan menggunakan model isoterma dan kinetik, manakala model faktor permindahan jisim
(MTF) digunakan untuk menganalisis faktor permindahan jisim global, luaran dan dalaman. Penggunaan PFC telah diuji dan
disahkan berkesan untuk menyingkirkan NH," dari ALE. Hasil ujikaji berkelompok menunjukkan penjerapan NH," dari ALE
telah mematuhi prinsip model kinetik tertib kedua dan model penjerapan isorterma Freundlich. Rintangan permindahan jisim
untuk penjerapan NH," ke seluruh GAC dari PFC telah disahihkan. %ggunaan semua model yang dinyatakan telah
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membuktikan bahawa model tersebut sesuai digunakan untuk rekabentuk PFC dan juga untuk memahami mekanisma
permindahan bahan terlarut dalam air ke seluruh bahan berliang.

Kata kunci: penjerapan, amonium, isorterma, kinetik, rintangan permindahan jisim

Introduction

Activated carbon (AC) is a material that has a porosity characterised by empty space within pore. Activation of AC
increases the porosity and active sites on its surface to increase the adsorption capacity. The use of certain type of
AC could be useful for the remove of ammonium (NH,") from aqueous solutions. High amount of NH," present in
aerated lagoon effluent can cause adverse effects on the environment when released into water body. An‘increase in
NH," concentration released into the water bodies can cause the eutrophication. Note that eutrophication is an
excess nutrient load of any waters, which is reflected by rapid growth of blue green algae. According to Fan et.al.
[1], NH,' is the primary nitrogen sources that cause the Choptank River bloom and the ambient uptake rates of
NH*" directly proportional with algae bloom progressed in Choptank River. Therefore, the algae bloom can be
controlled by reducing the concentration of NH," in wastewater during the treatment process before discharging into
water bodies.

The adsorption of NH," from leachate by the AC made up of coconut shells as reported by Halim et al. [2] can
achieve approximately 6.08 mg g of the adsorption capacity. The adsorption capacity of 2.30 mg g™ to remove
NH," from aqueous solution was verified by Boopathy et al. [3] in a batch experiment; therefore, physisorption
could be more dominant. Many researchers have been focusing their investigations on physical or chemical
properties of AC in order to improve the adsorption capacity [4-7]. Vassileva et al. [8] found that the coal activated
carbon modified by nitric acid can significantly enhance the NH,' removal from aqueous solutions. A mixture
adsorbent of 45.94% zeolite, 15.31% limestone, 4.38% activated carbon and 4.38% rice husk carbon was used to
adsorb NH," from a landfill leachate and verified that a high adsorption capacity can achieve approximately 24.39
mg g of the adsorbent [9]. Even though many studies have been conducted to verify the efficiency of granular
activated carbon (GAC) to remove NH," from aqueous solutions, the mechanism of mass transfer for the adsorption
of NH," onto GAC from ALE is still not fully understood.

The mechanisms of adsorption consist of thtee successive steps in the transfer of solutes onto adsorbents in liquid,
such that: (1) film mass transfer (referred also as external mass transfer) is the mechanism to transport an adsorbate
from the bulk liquid to film zone exterior the grain immediately connecting the pores, (2) porous diffusion (referred
also as internal mass transfer) is mechanism'to diffuse an adsorbate from the film zone towards acceptor sites of the
adsorbent, and (3) fixation (referred also as adsorption) is mechanism to attach the adsorbate onto acceptor sites of
the adsorbent interior the grain [10, 11]. In spite of reducing the concentration of NH," can be achieved through
adsorption process, the resistance of mass transfer of the adsorption in a plug-flow column needs to be verified.
Therefore, the objectives of this.study are to (i) to determine the kinetic and isotherm adsorption for the adsorption
of NH," onto GAC based on the data of batch experiments and (ii) to analysis the variation of [kralg, [krale and
[kLa]q for adsorption of NH," from ALE onto GAC in a PFC by using MTF models.

Materials and Methods
Characteristics of aerated lagoon effluent
This study monitored some important parameters of water quality over a period of 6 months for characterisation of
the ALE. The average concentrations of NH,, PO,*, COD and SS were verified as high as 13.4, 9.5, 192 and 89
mg L™, respectively. The concentration of NH," was found to exceed highly above the admissible limits of the EU
and USEPA effluent standards.

Adsorbent

The GAC made up of coconut shell was purchased from the Nikom Carbon Technology Sdn. Bhd. Klang, Selangor,
Malaysia. Main characteristics of the GAC as provided by the supplier are listed in Table 1. The GAC was crushed
and passed through a 2.13 mm mesh sieve and retained on 1.18 mm mesh sieve. Approximately 2 kg of the GAC
was washed with distilled water and dried at 103 °C for 24 hours in an oven. The dried GAC used as adsorbent for
the adsorption of NH," from ALE in batch and plug-flow column.
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Table 1. Main characteristics of the granular activated carbon

Characteristic Unit Value
Origin (raw material) Coconut shell
Bulk density gem” 0.49
Moisture contents % 2.96
Hardness % 98.17
Ash content % 2.32
Mesh size 8 x 30 % 96.17
BET surface area m’g’ 1076

pH 9.89

Instruments

The mineralogy of the GAC was identified by XRD pattern using Bruker D8 Advance X<ray powder Diffractometer
(Bruker AXS, Germany). Fourier transform infrared (FTIR) analysis was performed on KBr pellets using a
Spectrum One FT-IR Spectrometer (Perkin Elmer Instruments, USA) in the. wavenumber range between 600 and
4000 cm™. Surface morphologies of GAC were observed by a scanning electron microscopy (SEM) using a JSM-
6380LA instrument (JEOL Co., Ltd., Japan). The surface area of the. GAC is determined by the Brunauer Emmet
Teller (BET) method using a PulseChemiSorb 2705 apparatus (Mictomeritics Instrument Co., USA).

The surface functional groups of GAC were identified using the'Boehm titration method, where 2 g of GAC was
placed in contact with 250 mL of NaOH, Na,CO;, NaHCO; or HCI solution with a concentration of 0.1 mol L'in
an Erlenmeyer flask, separately. All the sample solutions in Erlenmeyer flask and their related blanks without filled
with GAC in Erlenmeyer flask were sealed and.shaken in-an IKA KS 4000 I Control shaker for 24 hours at 225
rpm. Then, an aliquot of 10 mL was filtered and the excess of bases or acid was titrated with a 0.1 mol L™ of HCI
solution or a 0.1 mol L™ of NaOH solution, respectively. The number of acidic sites was determined under the
assumptions that NaOH neutralised carboxylic groups (-COOH), lactonic (C=0) and phenolic (-OH); Na,CO;
neutralised carboxyl groups and lactones; and. NaHCO; neutralised carboxyl groups only. The number of basic sites
was calculated based on the amount of HCI that reacted with the adsorbent [12]

Kinetics and isotherm studies

The batch experiments were conducted to determine adsorption isotherm and kinetic. The experiments of kinetic
adsorption were conductedsby adding 2, 6 and 10 g of the adsorbents into an Erlenmeyer flask of 250 mL. Each
Erlenmeyer flask containing«of200 mL of ALE was shaken at 150 rpm. Then the concentration of NH4" in each
sample solution was monitored at appropriate time intervals until the adsorbent saturates. The pseudo-first-order and
pseudo-second-order models were used to study the kinetics of the adsorption of NH," onto GAC from ALE.

The pseudo-first-order equation (or so called Lagergren equation) indeed is in line with the concept of linear driving
force and is commonly expressed as equation 1 below [13]:

d
=@ —q) M
where g is the adsorption capacity (in mg g™), 7 is the adsorption time (in min), k; is a pseudo-first-order constant (in
min™), g is the equilibrium amount of adsorbate adsorbed by per unit mass of adsorbent (in mg g') and ¢, is the
amount of adsorbate adsorbed at adsorption time ¢ (in mg g'). Integrating equation (1) with boundary values from ¢
=0to ¢ =t and from ¢,= 0 to ¢, = ¢, yields (equation 2):

4 = q.(1 —e~¥at) 2)
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The first-order rate equation its liner form can be expressed as equation 3 [14]:

In(ge - g1) = In(g.) — k144 3)

where ¢, is the equilibrium amount of adsorbate adsorbed by per unit mass of adsorbent (in mg g™') and ¢, is the
amount of adsorbate adsorbed at adsorption time ¢ (in mg g), k; is a pseudo-first-order constant (in min™) and ¢ is
the predetermined interval time (min).

Another model for the analysis of adsorption kinetics is pseudo-second-order (equation 4):

Y =y (qe — q0)? )

dt
where ¢ is the adsorption capacity (in mg g™'), ¢ is the adsorption time (in min), &, is a pseudo-second-order constant
(in min™), g, is the equilibrium amount of adsorbate adsorbed by per unit mass of adsorbent,(in mg g™) and ¢, is the
amount of adsorbate adsorbed at adsorption time 7 (in mg g'). Integrating equation (4) is given as

_ qezsz
qe = 1+qekyt (5)
The application of pseudo-second-order model is suitable for the analysis.of adsorption kinetics if the initial
concentration of adsorbate is low. The second-order rate equation can be expressed in the linear form [15]:

tj _ 1 tj
at k20¢  de

(6)

where £ is the predetermined interval time (min), g is the amount of adsorbate adsorbed at adsorption time ¢ (in mg
g "), k, is a pseudo-second-order constant (in min") and g is the equilibrium amount of adsorbate adsorbed by per
unit mass of adsorbent (in mg g™).

An appropriate kinetic model for the adsorption of NH;" onto GAC to select either pseudo-first-order or pseudo-
second-order, the error function (F) tests were performed using the values of ¢ obtained from a batch experiment
and those obtained from the calculation of using pseudo-first-order and pseudo-second-order models. The most
appropriate model should have a smallest. F, value and highest correlation coefficient (R?). The following equation
can be used to calculate value ofF, [16]:

F, = \/(ﬁ) -Z?(qt(exp) — qt(theo) )2 @)

where n is the number of ‘measurements, p is the number of parameters in the kinetic equation, gyey i the
experimental ¢ value obtained from the measurement during the experiments (in mg g') and Gy(theoy 18 the theoretical
g value calculated by the model (in mg g™").

The isothermiexperiments were carried out by adding 2, 4, 6, 8, and 10 g of the adsorbent into different Erlenmeyer
flask containing 200 mL of ALE. Each sample solution was shaken ranged from 1 to 3 d, depending on time period
of the isotherm equilibrium of NH,". Then, the sample solutions were filtered using a 0.45 um membrane filter and
the residual concentration of NH," was analysed using the HACH DR 5000 UV—Vis Spectrophotometer. The
Freundlich and Langmuir isotherm models were used to study the adsorption isotherm of NH," from the ALE.

The general form of the Freundlich equation is q. = KzC'/™ where Ky and n are constants and n > 1. The
Freundlich isotherm can be linearised by transforming the equation into the linear form (equation 8) [17, 18]:

Inqe = InKp + —InC, (8)
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where ¢, is the equilibrium amount of adsorbate adsorbed by per unit mass of adsorbent (in mg g™), Ky is the
Freundlich constant (in mg g™), n (dimensionless) is the heterogeneity factor which has a lower value for more
heterogeneous surfaces, and C, is the concentration of the adsorbate in the equilibrium solution (in mg L™).

The Langmuir isotherm is g, = QbC /(1 + bC) where b is a constant related to the energy of adsorption, and Q is
the ultimate adsorption capacity (maximum value of ¢;). The linear form of the Langmuir isotherm can be written as
equation 9 [18, 19]:

1 1 1

1 . ©)

de KLdmaxCe dmax

where ¢, is the equilibrium amount of adsorbate adsorbed by per unit mass of adsorbent (in(mg g), C. is the
concentration of the adsorbate in the equilibrium solution (in mg L), gumax is the maximum adsorption capacity of
the adsorbent (in mg g"') and K is the adsorption energy coefficient (in L mg™).

Plug-flow column studies

A schematic diagram for the laboratory scale plug-flow column is shown in Figure 1. The fixed-bed columns were
made of acrylic tubes 2.1 cm internal diameter and 20 cm in height. The bed depths used.in the experiments were 2,
4, 6,9, 12 and 15 cm. In a typical experiment the known concentration of NH' in ALE was pumped using a
Masterflex peristaltic pump at a fixed flow rate (Q = 0.11 L h™") to fill the packed-bed column heights. The
concentration of NH," at inlet of the PFCR (storage tank), after passing the sand filter, and outlet of the PFCR
treatment system were intermittently collected at defined time intervals and analysed based on Nesslerization
method using HACH DR 5000 UV—Vis spectrophotometer at the maximum wavelength of 425 nm.

—

h——
o fai—

a) Storage tank
b) Perforated holes (2 mm diameter)
¢) Sand filtration

l T d) Silicon tube
e)Peristaltic pump

f) Acrylic column

£) Sampling bottle

— Flow direction

b

Figure 1. Experimental setup for plug-flow column operation

Data obtained from plug-flow column studies was analysed using the MTF models [11],[20] to understand the
adsorption mechanisms of NH," from aqueous solution onto GAC. The MTF models are expressed in equation 10:

Co _
In (C—) = [kya], X =A@ x ¢ (10)

where Cj is the concentration of the NH," to depart from the column (in mg L™), C, is the concentration of the solute
to enter into the column (in mg L™), [kLa], is the global mass transfer factor (in h™), B is the absorbent-adsorbent
affinity parameter (in g h mg™); ¢ is the cumulative quantity of the solute to adsorb onto GAC (in mg g); and ¢ is
the accumulation time (in h). The mathematical deduction of the equation (10) can be simplified as equation 11:
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In(qg) = mIn(t) + B (11)

where m = 1/f and B is the straight-line intercept of the plot In(g) versus In(?);

B ln([kLa]g);ln{ln(g—:)} (12)

The value of [k a], can be determined to use equation (12) since the index B and parameter § have been verified on
a straight line. Using equation (13) permits to compute the values for [k a]; and equation (14) can.be used to
determine the [kpa]q.

[kual = [kpalg x e™#*n@ (13)

[kiala = [kialg — [kpal (14

where [kya]; is the film mass transfer factor (in h™) and [kya]q is the porous diffusion (in h).

Results and Discussion

Physical and chemical characteristics of the GAC

The acidic and basic functional groups found on the surfaces of GAC were quantified using the Boehm's titration. It
was found that a 1.35 mmol g™ total acidic functional group consists.of 0.63 mmol g™ (46%) carboxylic, 0.44 mmol
g (33%) lactonic and 0.28 mmol g (21%) phenolic groupsA. basic functional group (0.85 mmol g™) of less than
total acidic functional group (1.35 mmol g"') was quantified for the GAC and could have more favourable to
chemically attract more cations from a solution. The ' BET surface area of such GAC was measured using a
Micromeritics Pulse Chemisorb 2705 apparatus to be 957 m” g

The surface morphology of GAC was investigated by SEM analysis and the SEM images are shown in Figure 2.
Figure 2a shows that the SEM image of 500 times is wavy ripple morphology. Scanning the external surface of
GAC with the high magnification images.of 2,500 times (Figure 2b) and 5,000 times (Figure 2¢) more specifically
exhibit a rough surface with different sizes and shapes of the pores.

Figure 2. SEM photomicrograph of GAC: (a) overview 500 times magnification (b) 2,500 times magnification (c)
overview 5,000 times magnification

The XRD analysis was performed to examine the mineralogy of the GAC sample, and the analysis result is depicted
in Figure 3a. The XRD pattern of GAC has almost no diffraction lines; however, two broad peaks and one sharp
peak have a diffraction maxima at diffraction angles 208 of 23°, 20 of 43° and 26 of 81°, respectively. The peak 28 of
23° denotes strong small angle indicating an amophorous structure with high porosity, and both the peaks 26 of 23°
and 20 of 81° represent the graphitic basal plane [21]. These peaks pattern similar with mineralogy of activated
carbon cloth [21] and coconut shell-activated carbon [3]. A peak at 20 of 43° indicates the presence of minor phase
of the quartz (Si0,).
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Figure 3. (a) XRD pattern of the GAC and (b)FTIR spectra of GAC of before and/after NH, “adsorption

The FTIR spectra of GAC (Figure 3b) shows weak and broad band in the spectra with the range of 676 — 2,581 cm’
before and with the range of 1,075 — 3,600 cm™ after the adsorption of NH,". The presence of spectra peaks at
2,341; 2,110; 1,320; and 676 cm™ would be assigned as C=0 bonds; C=C bonds; C=O stretch; and C-H bending,
respectively [22, 23]. After the adsorption of NH,", the FTIR spectra shows several new peaks within the range of
3,400-3,800 cm™ to indicate the presence of O—H groups [24]. The new broad band appear at 1,572 and 1,075 cm™
could be assigned as hydrogen-bonded asymmetric carbonyl stretching.and C—H stretching, respectively, and would
be caused by the adsorption of NH," attached on the surface of GAC [3],[25].

Adsorption kinetics of NH," onto the GAC

In this study, the linearised forms of pseudo-first-order.(see In(g.-q;) versus ¢ in equation (3)) and pseudo-second-
order (see t/q, versus ¢ in equation (6)) model were used to describe the adsorption kinetics of NH," from ALE. The
non-linear regression analysis was used in solving the equations (2) and (5) with supported by Microsoft Office
Excel program due to linear regression of pseudo-first-order model often results in incorrect determination of its
constants. The kinetic parameters (k; and k3) and theofetical equilibrium amount of NH,4" adsorbed per unit mass of
GAC, g, (theo), calculated by using these two linearised and non-linear models with their correlation coefficients are
given in Table 2. The basis of selecting the best-fit kinetic model is that the value of R*is close to one and the value
of F, found should be lower. The experimental results of the adsorption kinetics data indicate that the pseudo-
second-order kinetic model provides a best fit correlated value when compared with the pseudo-first-order kinetic
model due to high R* and low F, values were verified. As a conclusion, the adsorption phenomena could be leading
to chemisorption rather than physisorption, suggesting that the chemisorption occurred to help the increased affinity
of adsorbate-adsorbent could be caused by electron change and share between the NH," ions and the acidic
functional groups [22].The value of k, is proportional to the amount of GAC (Table 2), because of the rate of NH,"
adsorption can be.increased by increasing the amount of GAC due to the availability of BET surface area and the
number of active sites increase [26].

Table 2. Kinetic parameters obtained from the pseudo-first-order and pseudo second-order models for the
adsorption of NH," onto GAC from ALE

Linear regression

Pseudo-first-order model Pseudo-second-order model
Amount
63 ge(theo) = ki po g de(theo) kb g g 4@
(mgg”) (min~) ¢ (mgg) (gmg min’) ¢ (mgg))
2 0.48 0.0001 0901 0.441 0.94 0.0075 0986 0.115 0.89
6 0.32 0.0010 00914 0.158 0.47 0.0101 0.979 0.048 0.46
10 0.21 0.0009 00916 0.125 0.33 0.0155 0.994 0.025 0.32
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Non-linear regression

Pseudo-first-order model Pseudo-second-order model
Amount
(@ qe (thetl)) ky . R F qe (the?) lgz ) R F qe (eXpl)
(mgg”) (min~) ¢ (mgg’) (gmg min") ¢ (mgg)
2 0.83 0.0080 0.966 0.007 0.87 0.0119 0973 0.005 0.89
6 0.40 0.0056 0.974 0.0009 0.44 0.0152 0.978 0.0008 0.46
10 0.29 0.0050 0.987 0.0002 0.32 0.0174 0.991 0.0001 0.32

Adsorption isotherms of NH," onto the GAC

The curves obtained by plotting either In(g.) versus In(C.) in equation (8) or l/g. versus 1/C. in equation (9)
represent the Freundlich and Langmuir models; all the values for the parameters n, Ky, gm.x and K calculated using
these two models are depicted in Table 3. This study found that the curves in‘Figure 4a can have to fit the
experimental data for Freundlich adsorption isotherm comparing to Langmuir adsorption isotherm as represented by
Figure 4b due to the values of R* for the adsorption of NH," onto GAC from ALE are very close to one (Table 3).
The surface of GAC covered by carboxylic, lactonic, phenolic and basic functional groups can allow the adsorption
involved in the heterogeneous site progression with a multilayer mechanism of adsorption where the adsorbed NH,"
ions on the GAC surface can attract the NH," ions from bulk water [27].

Table 3. The parameters n, Ky, ¢max and K for the adsorption of NH," onto GAC from ALE

Freundlich Model Langmuir Model

KF ! RZ qmax1 KL . 2
(mgg™) (mgg’) (Lmg)

0.485 0.003  0.990 0.40 0.007  0.961

2.2 23 24 2.5 2.6

0.0 . L L 3.5
' 3.0

-0.5 1
- S5
5 = 2.5
=

1.0, 1 20 4 .

<
s 1.5 :

0.07 0.08 0.09 0.10 0.11
In (C,) 1/C,

Figure 4. Linear line of plotting (a) In(g.) versus In(C,) and (b) 1/¢. versus 1/C, for the adsorption of NH," onto
GAC from WTPE

Resistance of mass transfer factor

A plot of In(g) versus In(¢) in equation (11) gives us a straight line, intercept at B and ' is slope. The values for the
parameters B and S for each curve are presented in Table 4. Correlation for all the parameters is very good (R* >
0.97; see Table 4), meaning that both the index B and parameter f could be useful for scrutinising the mass transfer
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potential and the affinity of adsorbate—adsorbent for the adsorption of NH," onto GAC from ALE. The experimental
data validation (Table 4) shows that the value of S decreases from 1.36 to 1.30to 1.22to 1.19to 1.15and to 1.14 g
h mg” and the value of B also decreases from -1.16 to -2.22 to -2.55 to -2.93 to -3.171 and to -3.39 mg g with
increasing of the bed depth from 2 to 4 to 6 to 9 to 12 and to 15 cm, respectively. The parameter of § increased with
increasing bed depth due to increases concentration of NH," in bulk water compared in film zone in short bed depth
can increase driving force for adsorption of NH," that directly proportional with adsorbate-adsorbent affinity
parameter.. The adsorption of NH," onto GAC is easily affected by both van der Waals force and chemical
interaction and could have a strong affinity of the absorbate—adsorbent [28],[29]. The decreases in B value could be
due to a high NH," concentration in the stagnant film on the water side of the interface, affecting the value of
driving force reduces because of the difference in NH," concentration between the bulk water and film-zone lowers.

Table 4. Results of determining the values of § and B for different GAC packed-bed column

h(em) p(ghmg") B(mgg") R

2 1.362 -1.610 0.972
4 1.295 -2.224 0.981
6 1.224 -2.559 0.985
9 1.186 -2.931 0.985
12 1.151 -3.171 0.989
15 1.145 -3.394 0.987

Analysis of [kpal,, [k al; and [kra]q

Using equation (11) permits us to determine the variations of [k a], pursuant to the percentage of outflow if the
parameters B and f were verified. The percentage of outflow is ratio of effluent and influent concentration multiply
by 100. Figure 5a shows the variations of [k a], decreased progressively from a high to low mass transfer potential
with increasing of the percentage of outflow. The variation of [k a], value for a 2 cm of the packed-bed column is
quite high when comparing to other packed-bed columns of 4, 6, 9, 12 and 15 cm. This could be due to a high rate
of water flow passing through a packed-bed column can cause a rapid movement of NH," from the bulk water to
acceptor sites at the surface of GAC.

Based on the curves in Figures Sb.and Sc, the variations of [kia]rand [kia]q pursuant to the percentage of outflow
can be used to determine the resistance of mass transfer for the adsorption of NH," onto GAC from ALE, which
would be dependent on either film mass transfer or porous diffusion. Evidence shows that the variations of [k a]s
rapidly decrease, counterbalanced by the variations of [k a]q rapidly increase, when the percentages of outflow are
still less than 26.2, 24.3,.16.5;:14.6, 9.5 and 7.7% for the experimental runs with the packed-bed columns of 2, 4, 6,
9, 12, and 15 cm, respectively. The trends of [kial,, [kials and [k als pursuant percentage of outflow is slightly
similar with that reported by Fulazzaky et.al [10]. They found that the resistance mass transfer factors rate in short
packed-bed column is high due to fast flow condition, which is the driving force increasing and has a strong
movement of PO,” molecules within bulk water toward the surface of granular laterites. As a conclusion, the
application of the mass transfer factor models can determine that the resistance of mass transfer for the adsorption of
NH," onto GAC from ALE could be dependent on porous diffusion due to lower [k a]q value when percentage of
outflow less than 30%.

Even though the physical characteristic of the GAC has a porosity of 957 m* g”' of BET surface area, the movement
of NH," ions from the bulk water towards acceptor sites within the pores could be still difficult. This is suggested
that the different accessibilities of the pore structure areas within the GAC cannot always be entered equally easily
by all present inorganic and organic molecules in ALE [30]. The adsorption of NH," from ALE onto GAC would be
mainly affected by surface chemical nature rather than the van der Waals forces. Two possible mechanisms of the
adsorption of NH," onto GAC are suggested, such that: (1) the interaction between hydrogen of being composed of
NH," molecules and oxygen of being composed of carboxylic (-COOH), lactonic (C=0) and phenolic (-OH) groups
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as the main acidic acceptor sites at the surface of GAC [24] and (2) the electrostatic interaction between the positive
charges of NH4+ ions and the negative charges of carboxylic, phenolic, hydroxyl surface functional groups [31]. It
is suggested that the modifications of the adsorbent properties by both physical treatments to increase the BET
surface area and chemical treatment to increase the number of active acceptor sites can be recommended to improve
the ability of the GAC to remove NH," from waters.
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Figure 5. Variations of (a) [kal,, (b) [kialq and (¢) [kia]; pursuant to the percentage of outflow for six different
depths of GAC packed-bed column

Conclusion

In this study, the verification of the isotherm and kinetic models has been performed to understand the behavior of
the adsorption of NH," from"ALE onto GAC. The adsorption kinetic data were best described by pseudo-second
order, suggesting that chemisorption would be involved during the adsorption process. The application of
Freundlich models has best described the adsorption of NH," onto GAC, suggesting that the adsorption of NH,"
onto GAC would be occurred as multilayer. The variations of [k al,, [kialrand [k als versus percentage of outflow
were found to be affected by bed depth of column and the resistance of mass transfer was dependent on porous
diffusion. MTF models provide more information related to mechanism of mass transfer than the other models,
which are more. useful to understand the mechanisms of global, external and internal mass transfer for the
adsorption of NH," from ALE onto GAC and to facilitate the performance and effectiveness of plug-flow column in
removing pollutants from waters.
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