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Environmental context. Ammonium ion, an inorganic pollutant in agricultural land, can induce eutrophica-
tion, impacting on water quality. We investigate the adsorption of ammonium ion on surfactant-modified
alumina and demonstrate highly efficient removal of ammonium ions by the alumina from two agricultural
water samples. Adsorption mechanisms are also proposed based on adsorption isotherms, surface modification
and the change in surface charge.

Abstract. The adsorptive removal of ammonium ions (NH4
þ) from aqueous solution using surfactant-modified alumina

(SMA) was investigated. The optimum NH4
þ adsorption removal conditions on SMA were systematically studied and

found to be pH 4, contact time 180 min, adsorbent dosage 30 mg mL�1 and ionic strength 1 mM NaCl. The equilibrium

concentration of NH4
þ was measured by capillary electrophoresis with capacitively coupled contactless conductivity

detection (CE-C4D) and spectrophotometry. Surface modification of a-Al2O3 with the anionic surfactant sodium dodecyl
sulfate (SDS) at high salt concentration induced a significant increase of removal efficiency. The change in surface charge

and surfacemodification of a-Al2O3 by pre-adsorption of SDS and subsequent adsorption of NH4
þwere evaluated by zeta

potential measurements and Fourier-transform infrared spectroscopy. Under optimum adsorption conditions, NH4
þ

removal from two agricultural water samples achieved very high removal efficiencies of 99.5 and 96.5%. The adsorption

of NH4
þ onto SMA increases with decreasing NaCl concentration because desorption of SDS from the a-Al2O3 surface is

minimised. Experimental results of NH4
þ–SMA adsorption isotherms at different ionic strengths can be represented well

by a two-step adsorption model. Based on adsorption isotherms, surface charge effect and surface modification, we
suggest that the adsorptionmechanism of NH4

þ onto SMAwasmainly electrostatic attraction between cationic NH4
þ and

the negatively charged SMA surface.
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Introduction

The increase of nitrogen contamination in water results mainly
from agricultural activities, industrial effluent, or natural dis-

asters. One of the inorganic pollutants in aqueous solution is the
ammonium ion (NH4

þ), which can cause eutrophication and
impair self-purification of the water environment.[1] Therefore,

many projects focus on the removal of ammonium ions to
protect water resources and maintain ecology.

Various treatment techniques have been used for NH4
þ

removal from the aquatic environment, such as adsorption,

biological nitrification, air stripping and chemical precipitation,

and electrochemical oxidation.[2–6] Among them, adsorption is
one of the most common technologies for removing ammonia.
Adsorptive removal of ammonia is easily applied in the gas

phase by using novel adsorbents, whereas adsorption of ammo-
nium ions from aqueous solutions is still a challenge.[7–10] In this
case, novel solid adsorbents are needed.[11–19] Also, adsorption

can be applicable for developing countries by the use of
inexpensive or modified adsorbents.[20–32] To enhance the
removal efficiency of the NH4

þ ion by modified adsorbent
surfaces, an understanding of the adsorption characteristics of

the NH4
þ ion onto charged solid surfaces is needed. Recently,
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some groups have investigated the adsorptive removal of

ammonium ions by using solid adsorbents such as zeolites,
activated carbon, silicates and related materials. Numerous
studies have focussed on the modification of solid surface

adsorbents using ionic surfactants and polyelectrolytes to
remove both organic and inorganic pollutants.[7,9,33–36] Never-
theless, the removal of NH4

þ by surfactant-modified metal
oxide has not been reported.

Alumina is a common adsorbent that can be easily collected
and synthesised from natural minerals. Alumina with high
specific surface area has been widely used for the removal of

many pollutants from aqueous solution.[37] Adsorption of NH4
þ

onto alumina has been investigated previously.[7,38] In order to
increase the adsorptive removal efficiency, alumina surface

modification is necessary. Adsorption is normally carried out
under isothermal conditions so that adsorption isotherms can be
fitted by theoretical models to better understand adsorption
mechanisms and to explain the interactions between the alumina

surface and NH4
þ. Adsorption characteristics of inorganic

pollutants are frequently described by Langmuir and Freundlich
isotherms.[39,40] Such isotherms cannot be applied to adsorption

of surfactants. Thus, adsorption of inorganic pollutants onto
surfactant-modified alumina (SMA) could not be fitted by
Langmuir and Freundlich models. Fortunately, a two-step

model presented by Zhu et al.[41] with a general adsorption
isotherm equation was successfully applied to various types of
surfactant, polymer and dye adsorption isotherms for numerous

systems.[41–46] Adsorptive removal of both organic and inor-
ganic pollutants using SMA was thoroughly studied by Anjali
Pal and coworkers,[47–52] who indicated that SMA is a novel
adsorbent. However, a two-step model was not used to fit

adsorption isotherms of all pollutants onto SMA. Also, they
did not study the adsorption of NH4

þ onto SMA.
In order to study the adsorption of the ammonium ion, the

analytical method used for determination of NH4
þ concentra-

tion is important. Although spectrophotometry is a common
method to quantify the concentration of NH4

þ in aqueous

media,[53] it requires the preparation of many chemicals and
may suffer from interference at high salt concentrations. Fortu-
nately, capillary electrophoresis (CE) with capacitively coupled
contactless conductivity detection (C4D) is a simple, fast and

inexpensive method that can be applied to simultaneously
determine NH4

þ and alkaline ions in aqueous media.[54,55] This
method, which is a ‘green’ technique, is also useful for deter-

mining low concentrations of NH4
þ in a complexmatrix. Owing

to the advantageous properties of CE-C4D for determining
NH4

þin solutions, the effects of experimental adsorption

conditions such as pH, contact time, adsorbent dosage and ionic
strength can be easily evaluated. CE-C4D is a separation method
with high efficiency so that it can be used to determine NH4

þ

in complexmatrices to evaluate removal efficiency after adsorp-
tion in agricultural water samples.

In the present research, we investigate adsorptive removal of
NH4

þ using SMA. This is the first systematic study of the

adsorption of ammonium ions from aqueous solution on SMA
by CE-C4D, spectroscopic and electrokinetic methods. The
optimum parameters for adsorptive removal of NH4

þ using

SMA are systematically studied. Surface modification and the
change in surface charge are investigated by Fourier-transform
infrared spectroscopy (FT-IR) and zeta potential measurements

respectively. An adsorption mechanism is also proposed on the
basis of adsorption isotherms, surface modification and the
change in zeta potential.

Experimental

Materials

High-purity (99.99%) a-Al2O3 (AKP-30, Sumitomo, Chuo-ku,

Osaka, Japan), diameter ,300 nm, was used. Specific surface
area was determined by the Brunauer–Emmett–Teller (BET)
method using a surface area analyser (Micromeritics, Gemini

VII 2390 – Micromeritics Instrument Corp., Norcross, GA,
USA) and found to be 7.85 m2 g�1. The a-Al2O3 was treated
before measurements as follows: the original a-Al2O3 was
washed several times with 0.2 M NaOH before washing with

ultrapure water to neutral pH, then dried at 110 8C and reacti-
vated at 600 8C for 2 h. The treated a-Al2O3 was cooled in a
desiccator at room temperature and stored in a polyethylene

container. The a-Al2O3 that was modified with 0.01 M sodium
dodecyl sulfate (SDS) (solid-to-liquid ratio 30 mg mL�1) in
0.1 M NaCl at pH 4 by shaking for 3 h, and then washed with

ultrapurewater, was called surfactant-modified alumina (SMA).
Pure analysis-grade ammonium chloride (NH4Cl, CAS

number 12125-02-9) was supplied by Merck (Germany). The

anionic surfactant SDS (purity .95%; Wako Pure Chemical
Industries) was used to modify the surface of a-Al2O3. All
chemicals for determination of ammonium ions by spectropho-
tometry such as thymol, sodium nitroprusside dihydrate, sodium

carbonate, sodium bicarbonate and sodium hydroxide were
analytical reagents, purchased from Merck or Scharlau (Spain).
Commercial hypochlorite solution, 3% available chloride,

was also used to determine the concentration of ammonium
ions spectrophotometrically. The cationic dye methylene blue
(purity .98.5%) and organic solvent CHCl3 (HPLC grade)

from Merck were used to determine the concentration of SDS
spectrophotometrically. The effect of ionic strength was studied
by the addition of NaCl (Merck). In order to adjust solution pH,
HCl and NaOH (Merck) were used. Buffers of histidine and

acetic acid (His/Ace) in the presence of 18-crown-6 were
prepared from chemicals purchased from Merck or Scharlau
(Spain) of analytical reagent grade. An ultrapure water system

(Labconco, USA) with resistivity 18.2 MO cm was used to
produce ultrapure water for preparing all aqueous solutions.

Adsorption studies

All adsorption experiments were conducted in batches. Initially,
10�2 M ammonium stock solution was prepared by dissolving a
precisely calculated amount of ammonium chloride. Then, the

stock solution was appropriately diluted based on experimental
requirements.

A known amount of adsorbent solution was thoroughly
mixed with 10 mL of 10�4 M aqueous ammonium solution

(NH4
þ) in 15-mL Falcon tubes at 25 � 2 8C (air-conditioned

laboratory). The effect of operating conditions (pH, adsorbent
dosage, contact time, ionic strength and initial absorbate con-

centration) on removal of NH4
þwas studied. The concentration

of NH4
þ was determined by CE-C4D. The removal efficiency

(% RE) of NH4
þ was calculated with Eqn 1.

%RE ¼ Ci � Cf

Ci

� 100% ð1Þ

where Ci and Cf are initial concentrations and final concentra-

tions of NH4
þ respectively. The experimental adsorption studies

were carried out in triplicate.
Tomeasure adsorption isotherms, the concentration of NH4

þ

was varied from 10�5 M to 6� 10�3 M and pH was adjusted to
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the desired value. The adsorption capacity of NH4
þ (GNHþ

4 )

onto a-Al2O3 and onto SDS-modified a-Al2O3 was determined
by the concentration difference of NH4

þ solutions before
adsorption and after equilibration by CE-C4D. All adsorption

isotherms were measured twice.

CE-C4D

The concentration of NH4
þ was determined using a portable

semi-automated CE-C4D detection (3Sanalysis JSC, Hanoi,

Vietnam). Fig. 1 shows a photograph of the CE-C4D instrument.
The background electrolyte solutions were prepared with a

His/Ace buffer (pH 4) in the presence of 18-crown-6. Solution

pHwasmeasured using anHI 2215Hanna Instruments pHmeter
(Woonsocket, RI, USA). Fused silica capillaries of 50-mm
internal diameter (ID) and 365-mm outer diameter (OD) with a

total length (Lt) of ,50 cm and effective length (Leff) of 40 cm
(purchased from Polymicro Technologies, Phoenix, AZ, USA)
were used for determination. The capillaries were preconditioned

with 1MNaOH for,10 min and then ultrapure water for 10min
before flushing with buffer solutions. Table 1 summarises the
CE-C4D operating parameters used.

A linear standard curve with a correlation coefficient of

0.9988 between the peak area and concentrations of NH4
þ was

observed. The limit of detection (LOD) and limit of quantifica-
tion (LOQ) for NH4

þ were calculated from signals of six

replicates of peak area corresponding to 3 and 10 times the
baseline noise (s/n ¼ 3 and 10) respectively. The LOD was
5 � 10�6 M while the LOQ was 5 � 10�6 M. Method validity

was confirmed by spectrophotometry based on the colour
change of indothymol blue formed between ammonia in nitro-
prusside and thymol [53]. The differences in determination of
NH4

þ concentration by the two methods did not exceed 5%

(Table S1, available as supplementary material to this paper).

Spectrophotometry

The concentration of the anionic surfactant SDS used for

a-Al2O3 surface modification was determined by spectropho-
tometry using an ion-paired complex of SDS and methylene
blue dye in chloroform solvent. The procedure followed our

previous paper.[45]

Spectrophotometry was also used to validate the determina-

tion of ammonium ions in the presence of thymol. Details of the
procedure are as follows: an aqueous sample of 10 mL was
transferred into a 25-mL volumetric flask with 1 mL of 1%

sodium nitroprusside solution, 2 mL of carbonate buffer (pH 10
prepared from appropriate amounts of sodium carbonate and
sodium bicarbonate) and 0.2 mL of 0.1% hypochlorite solution
and the solution was thoroughly mixed. After mixing, 2 mL of

3% thymol solution in 2 M NaOH was added to the solution.
Then, the solution was diluted to the mark with ultrapure water
and incubated for 5 min. The absorbance was measured at

693 nm with a glass 10-mm path-length cuvette using a
spectrophotometer (UV-1650 PC, Shimadzu, Japan).

The linear relationship between the absorbance and concen-

trations of NH4
þ had a correlation coefficient of at least 0.997.

Zeta potential measurements

Zeta potential measurement was used to evaluate the change

in a-Al2O3 surface charge before and after pre-adsorption
with SDS and subsequent adsorption of NH4

þ. The zeta
potential is calculated from the electrophoretic mobility using
Smoluchowski’s equation[56]

z ¼ ueZ
erse0

ð2Þ

where z is the zeta potential (mV), ue is the electrophoretic

mobility (m2 s�1 V�1), Z the dynamic viscosity of the liquid
(mPa s), ers the relative permittivity constant of the electrolyte
solution and eo is the electric permittivity of vacuum

(8.854 � 10�12 F m�1).
The electrophoretic mobility was measured using a Zeta

phoremeter IV (CAD Instrumentation, France) at a temperature

of 25 8C, pH 4.0, and with a background electrolyte of 1 mM
NaCl.

FT-IR spectroscopy

To confirm surface modification of a-Al2O3 and to reveal the

adsorption mechanism of NH4
þ onto SMA, FT-IR spectroscopy

was performed with an Affinity-1S spectrometer (Shimadzu,
Japan). The FT-IR spectra of a-Al2O3, SMA, SMA after

adsorption of NH4
þ at the maximum level and NH4Cl were

obtained under at the same conditions: 258C, atmospheric
pressure, and resolution of 4 cm�1.

Modelling by general isotherm equation

The isotherms obtained were fitted by a general isotherm
equation. The equation was derived by assuming that two

adsorption steps can occur at the solid–liquid interface.[41]

1

6

7

2
3

4

5

Fig. 1. Photograph of the capillary electrophoresis with capacitively

coupled contactless conductivity detection (CE-C4D) instrument. (1) Safety

cage for application of high voltage (HV); (2) HV controller board, on/off

and magnitude controls, and two digital screens for the monitoring voltage

and current; (3) miniaturised HV conductively coupled contactless conduc-

tivity detector; (4) flow-cell interface housing one capillary and the ground

electrode; (5) rotary selector switch; (6) box containing solenoid valves;

(7) gas-pressurised buffer container.

Table 1. Operating conditions of capillary electrophoresis with

capacitively coupled contactless conductivity detection (CE-C4D) system

for determine NH4
1 in aqueous media

Background electrolyte

composition

Histidine/acetic acid buffer

adjusted to pH 4, 2mM 18-crown-6

High voltage 20 kV

Detection C4D

Capillary 365mm OD, 50 mm ID; Lt 50 cm;

Leff 40 cm; pre-conditioned

Hydrodynamic injection 20 s at 15-cm height
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The general isotherm equation is

G ¼ G1k1C
1
n
þ k2C

n�1
� �

1þ k1C 1þ k2Cn�1ð Þ ð3Þ

where G is the amount of NH4
þ adsorbed, G1 is the maximum

adsorption amount, k1 and k2 are equilibrium constants for the
first layer adsorption and clusters of n molecules or multilayer
adsorption. C denotes the equilibrium concentration of NH4

þ in
solution.

The selected fitting parameters are described in our previously
published papers.[44–46]

Results and discussion

Surface modification of a-Al2O3 by SDS

The measurement of the anionic surfactant SDS adsorption
isotherm on a-Al2O3 is reported in Fig. S1. The maximum
adsorption capacity of SDS on a-Al2O3 was obtained at high

NaCl concentration when the concentration of SDS in bulk
solution was higher than the critical micelle concentration
(CMC). Thus, SDS with a concentration of 0.01 M was used to
modify the surface of a-Al2O3 in 0.1 M NaCl (pH 4). Because

the point of zero charge of a-Al2O3 is ,8.0,[57,58] SDS
adsorption on a-Al2O3 is enhanced at low pH. The maximum
adsorption capacity of SDS onto a-Al2O3 (with a solid–liquid

ratio of 30 mg mL�1) is 0.293 mmol g�1, which is in good
agreement with published papers.[59–61] The loading implies the
presence of a bilayer and/or admicelles of SDS.[45] As a result,

the surface charge of a-Al2O3 is negative, which can enhance
adsorption of inorganic cationic pollutants such as NH4

þ. Fig. 2
indicates that the removal efficiency of NH4

þ in 1 mM NaCl

(pH 4) with an initial concentration of 10�4 M increases sig-
nificantly from 18.1 to 94.4% after the surface modification of
a-Al2O3 by SDS.

The results of surface modification and the change in surface

charge on SDS pre-adsorption and adsorption of NH4
þ evaluated

by FT-IR spectroscopy and zeta potential measurement are
given below.

FT-IR spectroscopy

FT-IR is widely used to characterise adsorbed functional

groups.[62] Fig. 3 shows the ex situ FT-IR spectra of a-Al2O3

particles without adsorbate, a-Al2O3 after pre-adsorption with
SDS (SMA), and SMA after NH4

þ adsorption with peaks
assigned in the wavenumber range 400–4000 cm�1. The FT-IR

spectrum of NH4Cl, which was also recorded from 400 to
4000 cm�1, is given in Fig. 4.

Fig. 3 shows that the relative intensity of asymmetrical and

symmetrical stretching of –CH2– present at 2924 and 2854 cm
�1

decreases dramatically in SMA compared with SDS powder
(data not shown). This confirms that hydrophobic interaction

occurs on the surface of a-Al2O3. In addition, the characteristic
peaks of SO2�

4 at,1247 and 1218 cm�1 appear very strongly in
spectra of SDS whereas all bands disappear in the spectra of

SMA. This demonstrates that SDS has sulfate head groups in
contact with the surface of a-Al2O3 through electrostatic attrac-
tion. Admicelles in an SDS bilayer containing both a first layer
head-on towards a-Al2O3 and second layer head-out towards

solution were formed.[45] In other word, the modification of
a-Al2O3 was successful owing to the presence of admicelles at
the surface of a-Al2O3.

As can be seen in Figs 3 and 4, a comparison between the
spectra of NH4Cl and SMA after NH4

þ adsorption indicates that
the characteristic peak of N–H at ,1402 cm�1 appears in the

NH4
þ spectrum (Fig. 4)[9,63] but it disappears after adsorption

onto SMA (Fig. 3). In addition, the peaks of –CH2– present at
2924 and 2854 cm�1 in the SMA spectra could not be seen after

NH4
þ adsorption. These results suggest the adsorption of

ammonium ion onto SMA through N–H bonding.

Zeta potential measurements

Electrophoretic mobility measurement is useful for character-
ising the charging behaviour of many nano- and microsized
materials.[64,65] Zeta potential calculated from electrophoretic

mobility of a-Al2O3 particles, a-Al2O3 modified with SDS
(SMA) and SMA after adsorption of ammonium ions was
measured in 1 mM NaCl background electrolyte at pH 4.

Fig. 5 shows that the z potential of a-Al2O3 significantly

changes after pre-adsorption with SDS and after adsorption of
ammonium ion. Although the value of the z potential of a-Al2O3

in the present study is small compared with other work,[58,66,67]

the surface of a-Al2O3 still has a positive charge (z¼ 12.95mV).
As SDS is an anionic surfactant, the pre-adsorption of SDS
onto a-Al2O3 (SMA) induces negative surface charge

(z ¼ �17.05 mV). This implies that the admicelles occur with
negative SDS head groups towards the solution, indicating
charge reversal occurs. However, after adsorption of ammonium
ions (cations), the net negative charge is decreased so that the

z potential is less negative (z¼�11.29 mV) than without NH4
þ

adsorption. These results agree well with FT-IR measurements.

Adsorptive removal of ammonium ion using
surfactant-modified alumina

Effect of pH

Solution pH plays an important role in the adsorption of
NH4

þ onto SMA because it can influence the surface charge of

SMA and charging behaviour of ammonia. As pKa ¼ �log Ka,
pKa of NH4

þ is 9.25 so that at pH ,9.25, over half of the
ammonia species have a positive charge. This implies that the
negatively charged SMA surface can electrostatically attract

NH4
þ. The effect of initial pH on the adsorption of NH4

þ by
SMAwas investigated in the pH range 3–8 in 1 mMNaCl while
the initial concentration of NH4

þ was kept constant.

As can be seen in Fig. 6, the removal efficiency decreases
with increasing solution pH from 4 to 8 because of the
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Fig. 2. The removal efficiency of NH4
þ pollutant starting from an initial

concentration of 10�4 M in 1 mM NaCl (pH 4) using a-Al2O3. Error bars

show the standard deviations of three replicates.
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competition between OH� (at high pH) and SDS sulfate
groups on the surface of a-Al2O3. As a consequence, the

desorption of SDS increases at higher pH (see Fig. S2), so
that the removal efficiency of NH4

þ decreases. Also, the error
bars show higher standard deviations when increasing pH in
the range 4–8. The increase of SDS desorption due to pH

results in high variation in experimental replicates. However,
dissolution of a-Al2O3 can take place at pH 3[57,58] (the error
bar is quite high) and therefore, the removal efficiency seems

to be a little lower than at pH 4. Thus, the optimum pH for
removal of NH4

þ by SMA is pH 4.

Effect of contact time

Contact time affects the completeness of adsorption equili-
bration. The effect of contact time on the adsorptive removal of

NH4
þ using SMA is presented in Fig. 7, which shows the

removal efficiency grows with time from 10 to 180 min. This
suggests that adsorption reaches equilibrium at 180 min. After
equilibrium, the removal efficiency decreases because of NH4

þ

desorption at high ionic strength. Equilibration takes longer than
when NH4

þ is adsorbed using Fe3O4 nanoparticles (only
40 min) and the removal of NH4

þ by coconut shell activated

carbon (120 min).[1,68] However, it is somewhat faster than
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adsorption of NH4
þ by natural zeolite (2880 min).[28] Thus,

180 min is acceptable and was selected as the optimum contact

time for removal of NH4
þ using SMA in 1 mM NaCl (pH 4).

Effect of adsorbent dosage

The adsorbent dosage has a significant effect on the adsorp-
tion process because it can influence the total surface area of

adsorbent and number of binding sites. The amount of SMAwas
varied from 5 to 40 mg mL�1.

Fig. 8 shows that the removal efficiency of NH4
þ by SMA

increases with increasing adsorbent dosage from 5 to
30 mg mL�1. This may be explained by the increasing number
of available binding sites or increasing net specific surface area

with increased dosage.[28] However, further increase in adsor-
bent dosage over 30 mg mL�1 causes a decrease of removal
efficiency due to the aggregation of colloidal particles.[69] The

optimum adsorbent dosage was found to be 30 mg mL�1 and
was fixed for the remaining studies.

Effect of ionic strength

Ionic strength affects electrostatic attraction between ionic

adsorbates and charged surface adsorbent. For the adsorption of

NH4
þ onto SMA, ionic strength also induces a change in SDS

load on the a-Al2O3 surface. As can be seen in Fig. 9, the
removal efficiency increases with a decrease of NaCl concen-
tration. This result can be explained by desorption of SDS at

high salt concentration.[70] Also, increasing concentration of
NaCl reduces the attraction of SDS and NH4

þ so that error bars
of replicate experiments increase with increasing salt concen-
tration. In addition, Mazloomi and Jalali[28] indicated that

the removal efficiency of NH4
þ was strongly influenced by

the presence of Cl� ion.When increasing salt concentration, the
concentration of Cl� is high so that the removal efficiency is

decreased dramatically. The effect of salt concentration will be
discussed in the adsorption isotherms section.

Removal of ammonium ions from agricultural water
using SDS-modified a-Al2O3

Weapplied the optimumconditions for removal ofNH4
þ to treat

raw water samples. Two water samples were collected at

Thuong Tin of Hanoi city (W1) and at Phu Tho province (W2).
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Heavy use of nitrogen fertiliser on agricultural land in Vietnam
results in high concentrations of NH4

þ in surface water. As can
be seen in Fig. 10, after applying the SMA treatment procedure,

the concentration of NH4
þ in the two water samples decreased

greatly. After treatment, NH4
þ cannot be detected in sampleW1

while the concentration of NH4
þ in W2 is quite small. Fig. 10

also shows that the removal of NH4
þ is not affected by the

presence of high amounts of Kþ-containing mineral salts.
Table 2 indicates that NH4

þ concentrations of W1 and
W2 samples decreased from 191 � 10�6 M (3.44 mg L�1) to

less than 10�6 M (0.018 mg L�1) and from 234 � 10�6 M

(4.21mg L�1) to 8.3� 10�6M (0.15mg L�1) respectively. This
corresponds to 99.5 and 96.5% removal efficiency of NH4

þ ion
forW1 andW2 respectively. The achieved removal efficiencies

are close to the performance of the removal of NH4
þ by mem-

brane filtration.[71] It should be noted that European Union
standards limit the concentration of ammonia in drinking water
below 0.5 mg L�1.[72] Our results indicate that W1 and W2

samples reached pure water standards. Although the procedure
for wastewater treatment is hard to apply continuously, the batch
method using SMA as a treatment technique seems to be a very

promising method to remove NH4
þ from aqueous solutions.

Characteristics of ammonium ion adsorption isotherms

Adsorption isotherms of ammonium ion on
a-Al2O3 and on SDS-modified a-Al2O3

Adsorption isotherms of NH4
þ on a-Al2O3 and on SDS-

modified a-Al2O3 (SMA) were obtained under the same condi-

tions. Fig. 11 shows that the adsorption capacity of NH4
þ on

SMA is much higher than that on a-Al2O3 without surface
modification by SDS although the error bar in the case without

SDS is smaller than the case with it. Also, the slope of the
adsorption isotherm for NH4

þ onto SMA is greater than the
slope for NH4

þ onto a-Al2O3 in the absence of SDS. It should

be noted that these operating conditions are optimumparameters
for NH4

þ adsorption on SMA. However, when changing the
conditions (pH and ionic strength), the adsorption capacity did
not change significantly (data not shown). These results can be

explained by the low adsorption capacity of many adsorbates
on a-Al2O3 with small net charge and low specific surface
area.[73] However, SDS-modified a-Al2O3 significantly

increased the a-Al2O3 surface charge, so that the adsorption
increased dramatically. This implies that SMA can be used at
higher concentration and at different pH as a more potent

adsorbent than a-Al2O3 without modification by SDS.

Adsorption isotherms of ammonium ion on SDS-modified
a-Al2O3 by a two-step adsorption model

The effect of ionic strength on adsorption of NH4
þ on SMA is

clearly demonstrated in Fig. 12. At pH 4, the NH4
þ adsorption

capacity decreases with increasing ionic strength. At high salt
concentration (100 mM), the adsorption capacity decreases
dramatically (5.4 times) compared with adsorption in 10 mM

NaCl, whereas the adsorption decreases only 1.24 times from 1
to 10 mMNaCl. The increase in salt concentration increases the
number of Naþ cations (counter-ions) on the negatively charged

SMA layer, reducing the electrostatic effect of SMA on NH4
þ

ion. It is quite different from the case of adsorption of NH4
þ on

strawberry leaf powder,[27] in which the effects of Naþ, Kþ,
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Fig. 10. Electropherograms of removal of NH4
þ from two agricultural

water samples, W1 (a), and W2 (b), using sodium dodecyl sulfate (SDS)-

modified a-Al2O3 (surfactant-modified alumina, SMA).

Table 2. The treated performance of two real agricultural water

samples containing high concentrations of NH4
1 using surfactant-

modified alumina (SMA)

LOQ, limit of detection

Water

sample

Concentration of NH4
þ (M) Removal

efficiency (%)Before treatment After treatment

W1A 191� 10�6 ,LOQ (10�6) .99.5

W2B 234� 10�6 8.3� 10�6 96.5

AWater sample was collected at Thuong Tin, Hanoi city, Vietnam.
BWater Sample was collected at Phu Tho province, Vietnam.

Ammonium ion on surfactant-modified alumina

333



Mg2þ and Ca2þ on ammonium adsorption were not significant.

In our case, the electrostatic attraction between the NH4
þ cation

and the negatively charged SMA surface is effectively sup-
pressed by increasing salt concentrations. Other interactions

such as hydrophobic, hydrogen-bonding, surface complexation
and Van der Waals interactions are probably important in the
adsorption of inorganic anions on the surface of alumina.[73]

However, adsorption of NH4
þ on SMA is mainly controlled by

electrostatic attraction so that adsorption decreases with

increasing NaCl concentration. In other words, the SDS

bilayer formation on the surface a-Al2O3 seems to be easily
eliminated with increasing ionic strength, and SDS–NH4

þ

attraction is reduced so that the NH4
þ adsorption on SMA is

decreased. These results agree well with the effect of ionic
strength on the removal of NH4

þ using SMA shown in the
previous section.

Fig. 12 indicates that at different salt concentrations, the

experimental results can be represented well by the general
isotherm Eqn 3 with the fitting parameters in Table 3. As shown
in Table 3, increasing ionic strength from 1 to 100 mM causes a

decrease in k1;NHþ
4
while the changes in k2;NH þ

4
and the number of

NH4
þ clusters are not significant (k2;NHþ

4
� 7.0� 103 gmmol�1

and nNH þ
4
� 2). The value of k1;NH þ

4
is also related to the slope of

isotherm. As a result, at high salt concentration, the slope is
lower than that at low salt concentration. This suggests that
desorption of SDS from the bilayer of admicelles is enhanced by
increasing salt concentration. Thus, the net charge of SMA is

less negative so that the adsorption of NH4
þ is decreased (see

zeta potential measurements).

Adsorption mechanisms of ammonium ion onto
SDS-modified a-Al2O3

Adsorptive removal of NH4
þ is greatly enhanced by using

anionic surfactant SDS-modified a-Al2O3 (SMA). The effective

conditions for adsorption of NH4
þ ions by SMA were system-

atically examined by CE-C4D, which is was inexpensive, fast
and easily operated. A two-step model was established to
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Fig. 11. Adsorption isotherms of NH4
þ onto a-Al2O3 and onto sodium

dodecyl sulfate (SDS)-modified a-Al2O3 (surfactant-modified alumina,

SMA) as a function of equilibrium concentration of NH4
þ. Error bars show

root-mean-square error of two replicates.
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Fig. 12. Adsorption isotherms of NH4
þ onto sodium dodecyl sulfate

(SDS)-modified a-Al2O3 (surfactant-modified alumina, SMA) as a function

of equilibrium concentration of NH4
þ at different NaCl concentrations.

Points are experimental data; solid lines are fitted by the two-step adsorption

model. Error bars show the root-mean-square error of two replicates.

Table 3. The fit parameters for NH4
1 adsorption onto surfactant-modified alumina (SMA): maximum adsorbed

amount GN,NH4
1, equilibrium constants k1,NH4

1 and k2,NH4
1 for first-layer adsorption and multilayer adsorption

respectively and the number of cluster of NH4
1 ion, nNH4

1

Concentration salt (mM NaCl) GN,NH4
þ (mmol g�1) k1,NH4

þ (gmmol�1) k2,NH4
þ (gmmol�1)n�1 nNH4

þ

1 0.066 3.0� 103 7.0� 103 2.1

10 0.054 2.0� 103 7.1� 103 2.2

100 0.010 1.5� 103 7.0� 103 2.0

SDS

a-Al2O3

SMA

NH4
�

Fig. 13. Schematic representation of structure of the adsorbed NH4
þ onto

sodium dodecyl sulfate (SDS)-modified a-Al2O3 (surfactant-modified

alumina, SMA).
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describe NH4
þ adsorption onto SMA, suggesting that the

adsorption of NH4
þ ion could replace admicellar bilayers of

SDS molecules on the a-Al2O3 surface. Adsorption of NH4
þ

decreases with an increase in NaCl concentration because

desorption of SDS is enhanced by increasing salt concentration.
It is well represented by the two-step adsorption model with
decreasing k1;NHþ

4
when increasing NaCl concentration.

During SDS pre-adsorption and NH4
þ adsorption, pH 4 was

fixed so that concomitant protonation effects were negligible
and the surface charge of a-Al2O3 without adsorption was
positive (z potential . 0).[58] After surface modification with

SDS to formSMA, the surface charge of a-Al2O3was dependent
on the amount of NH4

þ adsorbed. As previously noted, bilayer
formation and/or SDS admicelles occur on the surface of

a-Al2O3,
[45] reversing surface polarity (z potential , 0 or

ue , 0).[74] Most previous studies of NH4
þ adsorption in

aqueous media showed the change in surface charge on NH4
þ

adsorption.[1,7–9,25–28,36–38,75] In our case, a decrease of surface

charge or a reduction of z potential was obtained by measuring
electrophoretic mobility that was in accordance with cationic
NH4

þ adsorption on SMA.

The predominance of the electrostatic NH4
þ adsorption

mechanism onto SMA is also supported by FT-IR spectra. The
main peaks of the asymmetric N–H bonding in the NH4

þ spectra

disappeared after adsorption onto SMA while CH2– bands of
SMA were also not evident. This is consistent with electrostatic
adsorption of positively charged tetrahedral NH4

þ (pH, 9.25)

onto the negatively charged sulfate groups of SMA. Fig. 13
shows a schematic representation of the adsorbed structure of
NH4

þ on SMA. In Fig. 13, the ammonium ions adsorbed onto
SMA through electrostatic attraction create bonds between the

N–H bonding of cationic NH4
þ ions and the negative sulfate

group of SDS. This is different from the case of NH4
þ on

graphite oxide–aluminium polycations and graphite oxide–

zirconium–aluminium polyoxycation composites in which
the interaction is through hydrogen bonding with surface struc-
ture oxygen and functional groups.[9] However, our results are

close to the adsorption of ammonia on metal oxide surfaces.[76]

These results are also in good agreement with adsorption
isotherms and z potential measurements, demonstrating that
the main interaction between the positive charge of NH4

þ and

negatively charged SMA must be electrostatic attraction.

Conclusions

In the present paper, we studied the adsorption of the ammonium
ion (NH4

þ) onto surfactant-modified alumina (SMA) from

aqueous solution. The adsorption experiments were quantified
using CE-C4D and spectrophotometry. The optimum conditions
for adsorptive removal of NH4

þ using SMAwere found to be pH

4, contact time 180 min, and adsorbent dosage 30 mgmL�1. We
applied the optimum adsorption parameters to treat two agri-
cultural water samples and obtained high removal efficiencies of
99.5 and 96.5%. Adsorption isotherms of NH4

þ on SMA at

different NaCl concentrations were fitted well by a two-step
adsorptionmodel. The adsorption ofNH4

þ onto SMAdecreased
with an increase of NaCl concentration owing to the enhance-

ment of SDS desorption with increasing salt concentration.
Based on adsorption isotherms, surface charge effects as mea-
sured by zeta potential, and surfacemodification asmeasured by

FT-IR, we suggest that adsorption of NH4
þ onto SMA is mainly

controlled by electrostatic attraction between the positive
charge of NH4

þ and the negatively charged layer SMA.

Supplementary material

Comparison between CE-C4D and spectrophotometric method
for determining ammonium ion concentration, and adsorption
isotherm of SDS on a-Al2O3 and desorption of SDS with

ammonium ion adsorption are available from the Journal’s
website.
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