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ABSTRACT

The objectives of this work were the testing of the suitability of ALuminum Anodizing Sludge
(ALAS) as an arsenic adsorbent and the evaluation of the importance of its constituents on arse-
nic removal efficiency. The objectives were realized through leaching experiments and adsorp-
tion studies, both equilibrium and kinetic, using National Sanitation Foundation (NSF) water
samples spiked with arsenic. The results showed that the major component of ALAS samples
was that of gibbsite and major trace elements identified were chromium (300-2.8 x 10° mg/kg)
and tin (250-1.9 x 10° mg/kg). ALAS samples were characterized as mesoporous materials with
specific surface area varying between 60 and 216 m?/g and judging by the low values of the
physico-chemical parameters in their leachates, they are considered as non-hazardous mate-
rials. As(V) equilibrium adsorption data obeyed satisfactorily the Freundlich and Langmuir
models with kinetics of adsorption governed by both surface adsorption and intraparticle dif-
fusion. All ALAS samples were found to be inefficient adsorbents for As(III). In contrast, they
were efficient adsorbents for As(V) with their adsorption capacity depending on gibbsite con-
tent with positive effect, phosphate content with negative effect and ambient pH, decreasing
significantly as the pH value increased from 5 to 8. ALAS samples with a phosphate content up
to 2.2% w/w were satisfactory As(V) adsorbents lowering an initial concentration of 100 pg/1
well below the recommended limit for drinking water at a pH range of 5 to 8. In contrast, ALAS
samples with higher phosphate content (5.1-8.1% w/w) failed to achieve this limit at pH values
higher than 6.6. In conclusion, ALAS samples can be used not only as effective coagulants for
wastewater treatment but at the same time as effective As(V) adsorbents provided that their
phosphate content is not relatively high. ALAS with high phosphate content, however, comprise
only a small part of the total ALAS produced because they originate from the production of
shiny aluminum decoratives, which represent a small part of aluminum products.

Keywords: Aluminum anodizing sludge; Gibbsite; Physicochemical characteristics; Arsenic(V);
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1. Introduction

The knowledge that exposure to arsenic can pro-
voke a variety of health problems to humans has led to
extensive research on removing it from drinking water
and wastewater. In connection to this WHO, USEPA, as

*Corresponding author.

well as the European Commission established a limit in
drinking water of 10 pug/1 arsenic. The limit for waste-
waters disposal is somehow “flexible” depending on
the sensitivity of the ecosystems they are discharged
[1], with a lower limit for surface water intended for the
abstraction of drinking water equal to 10 pg/1, while
there are no defined limits for wastewater disposal to
other surface water dischargers, since they are set by
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the member states. Existing arsenic removal processes
include; coagulation either with AI(III) or Fe(III) fol-
lowed by filtration [2-7], whereas some researchers
have examined the use of cationic or anionic polymers
[5,8] to enhance removal, adsorption [9], zero valence
iron [10], anion exchange [11], nano-filtration [12] and
reverse osmosis [13]. Among these, adsorption seems to
be a promising process, which in turn resulted in apply-
ing a great variety of solids for arsenic removal from
water and wastewater [14] with ferric and aluminum
oxy-hydroxides and activated alumina to be among the
most effective adsorbents [15,16].

Aluminum anodizing is an electrochemical method
of coating the surface of aluminum products with a thin
layer of aluminum oxide (Al,O,). This process is a com-
monly used technique to provide the surface with high
corrosion and abrasion resistance. Surface treatment of
aluminum products — before anodizing — includes basic
and acidic cleaning, that produces acidic wastewater
rich in AI** that has to be disposed off in an accept-
able manner. The wastewaters are neutralized either
by NaOH or most frequently by Ca(OH), and clarified.
The supernatant is discharged to a sewer and the sludge
is consolidated using a filter press. These solid wastes
from the anodizing aluminum process are referred
either as aluminum-rich sludge or more frequently as
ALuminum Anodizing Sludge (ALAS) and the produc-
tion in 2000 in EU countries was estimated to be about
10°> metric tons per year [17]. ALAS is classified as a
non hazardous material according to European Council
Directive 33/2003 [18]. However, because of the great
quantities of ALAS produced and its complex nature, its
management presents difficulties with landfill disposal
being currently a common practice. Complementary to
this, ALAS has been reused in other industrial activi-
ties. The latter include ALAS addition in ceramic bodies
[19-21], in the synthesis of pigments along with kaolin
and various clays [22] and in the production of mullite—
alumina refractory ceramics [23]. ALAS has also been
tested in the treatment of municipal wastewaters and
found that it can efficiently remove COD, suspended
solids and microorganisms [24,25]. It has also been used
successfully in the treatment of paint industry waste-
water instead of the conventional inorganic coagulants
[26]. From the above it becomes evident that ALAS has
been proven an effective coagulant and since it consists
mainly of aluminum hydroxide it seems reasonable to
assume that it can also serve as an adsorbent for vari-
ous organic and inorganic pollutants such as arsenic.
Because of its expected and theoretically possible dual
function, that is, as coagulant and adsorbent and fur-
thermore because ALAS is a cost-free material in com-
parison to alternative coagulants such as commercial
alum, it seems very attractive to study ALAS potential

application on arsenic removal through a wastewater
coagulation process. To the best of our knowledge, no
study has appeared in the literature concerning the use
of ALAS as arsenic adsorbent.

Therefore, the objectives of this work were the evalu-
ation of ALAS as a potential adsorbent for As(III) and
As(V) through equilibrium and kinetic studies and the
investigation of the influence of its dominant physico-
chemical characteristics, such as aluminum, calcium,
phosphate, carbonate and organic carbon, on specific
surface area and isoelectric point (IEP) which eventually
affect arsenic removal efficiency.

2. Materials and methods
2.1. ALAS samples selection and preparation

In order to investigate the chemical, physicochemi-
cal and mineralogical characteristics of ALAS, 14 sam-
ples from aluminum anodizing industry of Greece
were collected in monthly intervals. Two samples were
collected after modification of the production process
of the industry to “chrome-free”. The samples were
homogenized and oven-dried at 105°C for 24 h. Then,
they were stored over a silica gel in a desiccator for fur-
ther chemical characterization, leaching tests and arse-
nic adsorption experiments. From the 14 samples, 5 of
them were selected in order to evaluate arsenic species —
As(V)/As(Ill) — adsorption and the influence of their
physico-chemical and leaching characteristics on arse-
nic removal capacity. The five samples were so selected
to represent a wide range in their major components,
namely aluminum and phosphate, which are known
to strongly affect arsenic adsorption [14]. The samples
were consecutively numbered from 1 to 5 (Table 1). It
is remarked that the presence of phosphate in certain

Table 1
Percentage of major components of ALAS samples used in
arsenic adsorption experiments.

Parameter Sample

1 2 3 4 5

% Content
Al 25.8 244 25.7 28.1 21.8
Ca 2.8 4.2 2.8 2.6 5.4
PO 49 8.1 2.2 0.95 6.4
SO,» 0.73 1.6 1.65 147 1.75
Cox» 1.3 1.6 09 1.3 0.7
Organic 144 195 1.73 19 19
carbon
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ALAS samples originates from the process of produc-
tion shiny mirror-type decoratives using an extra acidic
treatment with phosphoric acid. However, the produc-
tion capacity of shiny components generally comprises
a small part of the total one and only a few industries
have that option.

2.2. ALAS samples characterization

Dissolution. A 0.25 g dry sample was placed in a
100 ml PTFE beaker, 1 ml HCIO,, 20 ml HF were added
and heated on a hot plate until white fumes of HCIO,
appeared. Then 20 ml of 6 N HCI were added and boiled
for about 1 h until the residue had been completely dis-
solved. The solution was cooled and transferred to a
250 ml volumetric flask.

Metals. Metal concentration in ALAS samples and
in their leachates, as well as arsenic concentrations in the
adsorption experiments, were determined by atomic
absorption spectrophotometry using a Perkin Elmer AAna-
lyst 800 instrument and either a flame or a graphite furnace.

Organic carbon (OC). The organic carbon of ALAS
samples was determined using a ThermoFinnigan Flash
EA 1112 CHNS Analyzer.

Sulfate and phosphate were determined according
to the methods 4500-SO,*” D and 4500-P D, respectively,
described in Standard Methods for Examination of
Water and Wastewater (APHA, AWWA WEF, 2005) [27].

Carbonate was determined in the solid samples by a
volumetric-calcimeter method.

Mineralogical characterization. A TW1812 Phillips
XRD equipment and a TG-DTA of TA INSTRUMENTS
Model FDT2960 were used.

Particle size. A Microtrac — X100 particle size ana-
lyzer was used.

Surface area of the ALAS samples was estimated by
nitrogen gas adsorption at liquid N, temperature using
a micropore surface area analyzer.

Isoelectric point (IEP) of the ALAS particles was
measured at room temperature (22 + 2°C), using a Rank
Brothers Micro-Electrophoresis Apparatus MKIL

2.3. Leaching

Leaching tests of ALAS samples were performed
according to European Standard EN 12457-4 (2002) [28]
using a solid to liquid ratio 1:10. Preliminary experi-
ments showed that a solid to liquid ratio 1:2 resulted in
ajelly mass with no liquid phase separation. Therefore a
solid to liquid ratio 1:10 was chosen.

Metal concentration in the leachates was determined
as described in Section 2.2.

Anions. Fluoride, chloride, nitrate, sulfate and phos-
phate concentration in the leachates were determined

according to the methods 4500-FD, 4500-CI'E, 4500-
NO,C, 4500-SO 42*13 and 4500-P D, respectively, described
in Standard Methods for Examination of Water and
Wastewater [27]. Cr(VI) concentration in the leachates
was determined by the diphenylcarbazide method 350-Cr
D [26] using a Lambda 2 UV / VIS spectrophotometer ver-
sion 3.7 Perkin Elmer equipped with 10 cm path-length
measurement cells, resulting in a detection limit of 1 pug/1.

Conductivity and pH in the leachates were mea-
sured according to the Standard Methods for Examina-
tion of Water and Wastewater [27].

Total Organic Carbon (TOC). A Shimadzu 500
TOC analyzer was used to measure TOC content of the
leachates.

2.4. Reagents

Stock solutions of 1,000 mg/l were prepared for
As(Ill) and As(V) from reagent grade NaAsO, and
Na,HAsO,-7H,O, respectively, both dissolved in dis-
tilled water. Working standards were freshly prepared
by proper dilution of the stock solution. NSF (National
Sanitation Foundation) water samples were spiked
either with As(Ill) or As(V) by adding the appropriate
volume of working arsenic standard solution to achieve
a 100 pg/l concentration. NSF water was prepared
by dilution of the following reagents in 1 1 of distilled
water: 252 mg NaHCO,, 12.14 mg NaNO,, 0.178 mg
NaH,PO,-H,0, 2.21 mg NaF, 70.6 mg NaSiO, -5H,0, 147
mg CaCl,-2H,0 and 128.3 mg MgSQO, - 7H,0.

2.5. Arsenic adsorption

Spiked NSF water samples were kept at room tem-
perature (22 = 2°C) for 24 h to achieve thermal equilib-
rium. Batch adsorption experiments were carried out at
this temperature by placing the appropriate amount of
ALAS, ranging between 25 and 500 mg/1, in a series of
flask with 200 ml spiked water samples of initial arsenic
concentration 100 pg/1 either As(Ill) or As(V). The pH of
spiked NSF water samples was adjusted at values of 5,
6.5, 7.5, 8 either by adding 0.1 N HCl or 0.1 N NaOH. The
flasks were placed in an orbital shaker and equilibrium
data for the adsorption isotherms were collected after 24 h
shaking time since kinetic studies proved that at this time
equilibrium had been reached. The adsorption kinetics
data were collected from separate experiments at pH 7 for
time intervals of 30, 60, 120, 240 min and 24 h. Samples
were withdrawn after the predetermined time and filtered
through a 0.45 um pore size membrane filter. The filtrates
were analyzed for residual arsenic concentration. In both
kinetic and equilibrium experiments the amount of the
arsenic adsorbed was calculated as the difference between
the initial and the equilibrium arsenic concentration.
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3. Results and discussion
3.1. Chemical and mineralogical characteristics of ALAS

A representative example of an X-ray diffractogram
is presented in Fig. 1, which shows that the major com-
ponent of ALAS samples were gibbsite (peaks at 26 18.4°
and 20.5°) and CaCQO, (peak at 26 29.2°). TG-DTA data
(Fig. 2) showed a small shoulder at 230°C, which could
be associated with the removal of strongly adsorbed
water as well as the non-hydrogen-bonded surface
hydroxyls and a strong endothermic peak at a tempera-
ture range 250 to 280°C due to the conversion of crystal-
lized gibbsite to y-ALO, [29]. The particle size of ALAS
solids ranged between 1.635 and 88 pm, with the 50% of
solids to be smaller than 10 um and the 85% smaller than
50 um (Fig. 3).
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Fig. 1. X-ray diffractogram of sample No. 4. Main phases
identified: gibbsite and CaCQO,.
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Fig. 2. TG-DTA curves of sample No. 4.

90 % : =
| 77
/

60

50 H /
|
/

40 ,
30 {,
20 ~;
10

!

0 T T T T T
0 25 50 75 100 125 150
Particle size, um

Cumulative particle distribution

Fig. 3. Cumulative particle distribution of ALAS solids.

Aluminum content — on dry basis —in ALAS samples
ranged between 17 and 28% w/w (Table 2), in agree-
ment with the concentration determined by other inves-
tigators [17,21]. In addition, phosphate content ranged
between 1 and 8.1% w/w, sulphate (2-5% w/w) and
organic carbon (1.5-2% w/w). Other major components
of ALAS were calcium (2.8-5.4% w/w) and carbonate
(0.7-5.5% w /w), which were attributed to the practice of
applying Ca(OH), as a neutralizing agent at the waste-
water treatment plant. The major trace elements con-
centrations determined were that of chromium (300-2.8
x 10° mg/kg) and tin (250-1.9 x 10° mg/kg) and were
attributed to the surface treatment and coloring of the
aluminum products in the anodizing process. However,
chromium concentration in ALAS samples was signifi-
cantly decreased between 100 and 150 mg/kg, when the
“chrome-free” modification of the anodizing process
was applied (Table 2).

3.2. Textural properties and porous structure of ALAS

According to the BDDT (Brunauer, Deming, Deming,
Teller) classification, the nitrogen adsorption isotherms
showed that ALAS samples were characterized as mes-
oporous materials (Fig. 4). The specific surface area of
ALAS samples was calculated to be between 60 and 216
m?/g (Table 3), which is common for aluminum oxy-
hydroxides, and in general favors their arsenic adsorp-
tion properties. Applying the Dubinin-Radushkevich
equations on nitrogen adsorption isotherms of ALAS
samples, the total pore volume was calculated along
with the volume of micropores, the latter found to range
between 13% and 27% of the total (Table 3).
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Table 2
Physico-chemical characteristics of ALAS samples as well as of their leachates
Parameter ALAS samples, mg/kg Leachates, mg/kg MAL?2
Range Detection limit Range Detection limit mg/kg
As NDP 10 ND 0.05 2
Ba ND 500 ND 0.1 100
Cd 1-5.3 0.01 ND 0.01 1
Cr 300-2.8 x 10° 1 1.5-6.8 0.01 10
Cre 100-150 1 02-0.4 0.01 10
Cu 47-225 20 ND 0.5 50
Fe 1.1 x 10°-2.5 x 10° ND 1 -
Mn 31-77 10 ND 0.5 -
Ni 10-42 10 ND 0.05 10
Pb 15-54 10 ND 0.05 10
Sb ND 10 ND 0.1 0.7
Se ND 10 ND 0.1 0.5
Sn 250-1.9 x 10° 50 ND 5 -
Zn 73-976 10 0.3-1.1 0.2 50
Cl- - - 240-1.45 x 10° 50 15 x 10°
F - - 8-16 0.1 150
SO» 2 x 10*-5 x 10* - 12.5 x 103-18.5 x 10° 100 20 x 10°
Al 17 x 10*-28 x 10* - 7-38 5 -
Ca 2.8 x 10*-5.4 x 10* - 1 x10°-6.4 x 10° 1 -
Mg 4.7 x 10°-7.5 x 10° - 170-470 1
K 100-940 - 31-63 1 -
Na 19 x 103-11 x 10° - 1.3 x 10°-8.4 x 10° 1 -
CO» 0.7 x 10*-5.5 x 10* - - -
PO 1 x 10*-8 x 10* - ND 0.1 -
ocH 1.5 x 10*-2.0 x 10* - TOC 335-1.4 x 10° 2 50 x 10°
pH 6.9-7.8 - -
Conductivity, 1.6-3.6 - -
mS/cm
“Maximum acceptable limit for landfill disposal of non toxic wastes.
"Not detected.
‘Chrome-free process.
4Organic carbon.
Table 3
0.2 - O Sample 1 Textural properties of ALAS samples
O Sample 2
o [ Sample 3 Parameter Sample
3 [ Sample 4
g B Sample 5 1 2 3 4 5
Q
§ 011 Surface area, 92 60 15 216 94
/s
& Total pore 0.193 0.187 0.215 0.268 0.192
volume cm?®/g
0 0-10 ' 10-20 ' 20-40 ' 40-500 ' Micropore 0.025 0.028  0.053 0.072 0.042
Pore size, A volume cm’/g
Mean pore 84 125 75 49 82

Fig. 4. Pore size distribution of ALAS samples.

diameter A
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3.3. Estimation of IEP

Knowledge of IEP provides an important parameter
for the explanation of the adsorption mechanism of an
adsorbate at the metal oxy-hydroxide/water interface.
Thus, by plotting {-potential as a function of the solu-
tion pH at constant ionic strength of 0.03 mol/1 NaNO,,
the IEP of ALAS samples was determined as shown in
Fig. 5. The relatively high IEP values of ALAS samples
(8.4-12.5) calculated from the data of Fig. 5, can be
attributed to the complex nature of the adsorbents and
specifically to the combined effect of the following con-
stituents:

¢ The presence of CaCO,, which is generally associated
with high IEP values [30]. The lower IEP value 8.4 of
sample 5 may also be related to the lower CO,*" con-
tent (0.7%).

® The presence of Ca** which is specifically adsorbed
moving the IEP to high values [31].

It must be stressed to the reader that these high IEP
values of ALAS samples must not be confused with the
IEP value of 8.3 of gibbsite [32]. Gibbsite as mentioned in
Section 3.1 is the main component of ALAS samples and
mainly responsible for arsenic adsorption. Therefore the
subsequent discussion on the effect of pH on arsenic
adsorption must be visualized and based on the value of
IEP = 8.3 of pure gibbsite.

3.4. Characteristics of ALAS leachates

The ALAS leachates were characterized by the signif-
icantly low values of the most physicochemical parame-
ters in comparison with the MAL for landfill disposal of
non toxic wastes (Table 2) with the exception of sulphate
concentration which was close enough to MAL for land-
fill disposal. Concerning chromium concentration in the
leachates the following observations must be stressed:

100 1 —e—Sample 1
——Sanple 2
—m—Sample 3
—a—Sample 4
2 504 —e—Sample 5
g
E
g 0 T T T T T TV T 1
e _en
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=100

Fig. 5. Zeta potential of ALAS samples as a function of pH
(0.03 M NaNO, background electrolyte).

* Almost three-quarters of chromium leached were in
Cr(VI) form as shown by the slope of the regression
curve of Fig. 6.

e The modification of the production process to
“chrome-free” resulted in a one order lower concen-
tration of chromium in the leachates (Table 2) and
absence of Cr(VI).

Conclusively, all ALAS samples were classified as a
non-hazardous waste [32] in agreement with the experi-
mental results of other investigators [17,21]. In addition,
the absence of Cr(VI) from ALAS samples produced
from a “chrome-free” process favor their further use as
coagulants.

3.5. Adsorption of arsenic

Arsenic occurs either as inorganic or organic complex
compounds, in both its major trivalent or pentavalent
states, depending on the prevailing redox conditions.
Under typical pH conditions of a natural ecosystem
(5-9) inorganic As(V) exists as an anion (H,AsO, /
HAsO,*), while As(II) is fully protonated and exists as
an uncharged molecule (H,AsO,) [33]. Therefore, most
treatment processes:

e Are more effective for the removal of ionic forms of
As(V) in comparison to uncharged arsenite acid of
As(IIT) and for this reason

¢ They involve an in situ oxidation of As(Ill) during
treatment with zero-valent iron [10] or they embody
a pre-oxidation step, either by a chemical reagent [34]
or by bio-oxidation [35] for effective As(IlI) removal.

ALAS may be used as a coagulant in municipal
wastewater treatment plants with high arsenic content

[Cr(V1)] = 0.76[Cr(total)] +0.008
5 - R2=0.975

A

Cr(VI) leached, mg/kg
w

0 T T T
0 2 4 6 8

Total chromium leached, mg/kg

Fig. 6. Correlation between total chromium and Cr(VI) con-
centration in ALAS leachates.
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and should be added before the biological sedimenta-
tion to increase the efficiency in solids separation as well
as to decrease arsenic concentration in the effluent. The
addition of ALAS at the end of the biological treatment
step—and before sedimentation—where the biological
oxidation of all arsenic forms to As(V) is ensured will
increase arsenic removal efficiency. The initial arsenic con-
centration of 100 pg/1 was selected as a reasonable com-
promise for studying ALAS samples efficiency, since the
adsorption experiments were focused on their ability to
reduce arsenic concentration down to the maximum con-
taminant limit (10 pug/1) of arsenic in potable water. This
efficiency could serve as a criterion for water’s aquifers
protection. However, the arsenic concentration in water
and in turn in wastewater varies significantly depending
on the source of the water and its proximity to other arse-
nic spoils [15], but higher initial arsenic concentrations
would simply require higher doses of ALAS. Apart from
the municipal wastewater treatment ALAS can be also
used in the treatment of metallurgical and mining waste-
waters as coagulant to increase arsenic removal efficiency.

The selected ALAS samples differed in their alu-
minum content (gibbsite), with positive influence on
arsenic adsorption and in phosphate with negative one.
Therefore in the subsequent discussion any difference
observed in arsenic adsorption between ALAS samples
will be based on the difference on these two major com-
ponents content.

3.5.1. Adsorption isotherms of As(V)

Arsenic (V) adsorption data were pretty well fitted to
the Freundlich (Eq. 1):

— 1/n
ge = KgCe (1)

C, 1 C,
+

= (2)
qe KLqmax

Amax

as well as to the Langmuir (Eq. 2) equations and the
parameters derived are summarized in Table 4. It is

Table 4

Isotherm (22 + 2°C) parameters for arsenate adsorption onto ALAS samples

Sample Equilibrium Freundlich Langmuir
pH

K, 1/n R? q,..1g/mg K /ug R?

1 5.20 0.318 0.558 098 3.18 0.067 099
6.45 0.109 0.632 093 1.63 0.044 097
7.75 0.011 0.719 094 0.67 0.008 0.81
8.10 0.003 0.803 095 043 0.003 0.95

2 5.15 0.271 0.593 098 3.35 0.052 0.99
6.35 0.098 0.675 098 1.58 0.044 097
7.65 0.024 0.648 093 0.72 0.014 0.88
8.00 0.013 0.605 0.88 0.38 0.012 0.82

3 5.10 0.805 0.486 094 6.10 0.052 0.99
6.60 0.100 0.651 0.99 1.86 0.034 0.98
7.60 0.064 0.640 0.99 144 0.024 0.99
8.05 0.091 0472 0.96 0.85 0.045 0.95

4 5.25 1.153 0.343 097 591 0.067 0.96
6.60 0.146 0.571 0.98 197 0.051 099
7.60 0.104 0.553 0.99 094 0.069 0.99
8.05 0.091 0.389 0.96 0.55 0.060 0.99

5 5.15 1.176 0.193 095 291 0.176 0.99
6.50 0.063 0.621 095 1.28 0.025 0.94
7.60 0.024 0.503 099 0.29 0.028 0.98
8.00 0.013 0472 0.90 0.12 0.075 0.89
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noted that generally low values of R?, for the Langmuir
model, were observed at high pHs due to the low arse-
nic adsorption capacity of ALAS samples, resulting in a
series of residual arsenic concentration very close to each
other and thus sensitive to the precision of our measure-
ments. Generally, g, represents the amount of arsenic
adsorbed (ug As/mg ALAS) at equilibrium arsenic con-
centration (C,) and g, the maximum adsorption capac-
ity. K, and 1/n are empirical fitting parameters of the
Freundlich model representing the adsorption capacity
and the intensity of the adsorption respectively, while the
constant K, (L ug™) of Langmuir’s model is related to the
affinity of the adsorbent for the adsorbate. The capacity
of an adsorber for arsenate oxyanions removal is mainly
a property determined by its surface morphology, charge
and the ambient conditions such as pH and co-existing
ions in water, with pH being considered as the determin-
ing factor. In addition, pH is interrelated to most of the
other kind of interferences, since it influences speciation
of ions, such as arsenate, phosphate and silicate.

By far the greatest influence on As(V) adsorption on
amorphous metal oxides and oxy-hydroxides, such as
ALAS is caused primarily by pH and secondarily by the
forms and the charge of arsenate oxyanions. By increas-
ing the pH, the fraction of the negatively charged surface
groups increases, rendering the surface more negative
and the repulsion of arsenate ions stronger, which even-
tually results in their less sorption. Lakshmanan et al.,
reported that, when using a total As(V) concentration
of 0.67 uM (in the form of H,AsO,” and HAsO,>), the
concentration of H,AsO," is significantly increased from
0.02 to 0.5 uM, when the pH drops from 8.5 to 6.5, result-
ing in a greater As(V) removal [3].

Among the co-existing ions in water, phosphate
directly competes with arsenate for adsorption sites,
since it has a strong affinity for adsorption onto metal
oxides and oxy-hydroxides. In addition, as pH increases
the portion of multivalent phosphate ions increases
which in turn results in lower arsenate adsorption
capacity. Silicate ions (H,S5iO,") compete also with arse-
nic for adsorption sites and although they may have a
weaker adsorption affinity than arsenate, silica is usu-
ally at a much higher concentration than arsenate and
could play a major role in inhibiting arsenic removal.
However, a typical silicic acid (H,SiO,) concentration of
20 mg Si/l in groundwater [9] (pK , = 9.84, pK , = 13.2),
results in 9 x 1073, 0.116 mg and 1.107 mg Si/l as silicate
ions (H,SiO,") at pH values 6.5, 7.5 and 8.5 respectively,
which indicates the weak influence of silica on arsenic
adsorption at pH values lower than 7.5 [3]. Inorganic
ions such as sulfate, bicarbonate, chloride and nitrate
generally have very little effect on adsorption [15].

It is obvious from the foregoing analysis that
pH directly or indirectly is expected to be the major

parameter affecting As(V) adsorption at pH range 5-8
studied in this paper. In addition, arsenic adsorption
isotherms revealed that ALAS samples adsorption
capacity for arsenic depended on its magnitude in their
phosphate content. As a consequence the following dis-
cussion on arsenic adsorption is based on the effect of
pH in conjunction with aluminum and phosphate con-
tent of ALAS samples.

Arsenic adsorption on ALAS samples (3 and 4) with low
phosphate content, as a function of pH

The adsorption capacity (g, ,) of ALAS samples 3
and 4 with low phosphate content (Table 1) was deter-
mined to be 6.1 and 5.91 ug As(V)/mg ALAS, respec-
tively at pH 5.15 = 0.1, which decreased by almost to
one-third (1.86 and 1.97 ug As(V)/mg ALAS) at pH
6.5 + 0.1 and drastically decreased by almost one order
of magnitude (0.85-0.55 png As(V)/mg ALAS) at pH 8 +
0.1 (Table 4). These experimental data of Table 4 clearly
show a significant decrease of the ALAS sample adsorp-
tion capacity with the increase of pH value.

The high influence of pH on ALAS adsorption capacity
for As(V), resembles that of other aluminum compounds,
such as activated alumina. Moreover, the determined g__
values are also similar to those reported for activated alu-
mina. Tripathy and Raichur reported that an initial As(V)
concentration of 10 mg /1l was reduced to 40 ug/1 by using
8 g/l alum- impregnated activated alumina(AIAA) at pH
7 resulting in an adsorption capacity of 1.24 ug As (V)/mg
AIAA [16]. For example, this adsorption capacity lies
between the values 1.56 and 0.7 ug As (V)/mg ALAS, cal-
culated from adsorption data of sample 4 at C 40 ug/land
pH values 6.6 and 7.6, respectively, using the parameters
of Table 4. Besides ALAS high As(V) adsorption capacity,
adsorption isotherms revealed that ALAS samples with
phosphate content lower than 2.2% w/w could efficiently
reduce an initial concentration of 100 pg/1 well below the
recommended limit for drinking water at pH range 5-8
(Fig. 7, sample 3).

However, although ALAS samples with low phos-
phate content showed satisfactory arsenic adsorption
capacity, similar to that of the commercially used acti-
vated alumina, their capacity were significantly lower
in comparison to the corresponding AI(OH),, freshly
precipitated in situ from alum [3,5]. The apparent rea-
son for this higher arsenic loading on the in situ-formed
Al(OH), is that the As(V) ions form surface complexes
on the short-chain oligomers/polymers [Al (OH) =] of
Al(OH), floc particles with high surface area. Preformed
gibbsite [AI(OH),] of ALAS simply does not have the
available surface area in comparison to the freshly precip-
itated AI(OH),. As an example, the specific surface area of
freshly precipitated gibbsite of 607 m?/g was significantly
reduced to 168 m?/g after aging for one month [36].
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Fig. 7. Freundlich isotherms for As(V) adsorption of ALAS samples 1 and 3 as a function of pH.

Arsenic adsorption on ALAS samples (1,2,5) with high
phosphate content

ALAS samples with high phosphate content (5.1-
8.1% w/w) showed, at certain pH value, significantly
lower As(V) adsorption capacity than that of samples
with low phosphate content (Table 1). In addition, the
As(V) adsorption was inhibited more strongly by pH
increase. For example, although aluminum concentration
of ALAS samples 1 and 3 was almost equal (Table 1), the
As(V) adsorption capacity of sample 1 is almost half of
that of sample 3 at high pH values probably due to inhi-
bition of phosphate content. In addition ALAS samples
with high phosphate content failed to achieve residual
arsenic concentration close to the recommended limit for
drinking water (Fig. 7, sample 1) at high pH values.

3.5.2. Adsorption kinetics of As(V) — intraparticle diffusion

The As(V) adsorption efficiency of ALAS was also
examined at different time intervals. The time depen-
dence curves of As(V) removal at pH 7 + 0.1 is shown
in Fig. 8. As(V) adsorption proceeded rapidly during
the first 1 h, e.g. more than 80% of As(V) was adsorbed
within 30 min and more than 95% within 1 h, after which
it slowed down considerably, reaching the equilibrium
at about 6 h. A similar behavior has been reported for
activated alumina with As(V) adsorption proceeding
rapidly during the first 1 h reaching equilibrium at about
6 h [16,37]. A fit to pseudo-second-order model of the
As(V) kinetic adsorption data was observed (Table 5).
The pseudo-second-order rate expression [16,37] is as
follows:

t/qr = 1/koge” + /e ®)

where k, is the pseudo-second-order rate constant (mg
ug™ min™); g, and g, is the amount of As(V) adsorbed (ug
As(V)/mgALAS) attime f and at equilibrium, respectively.

k, can be calculated from the slope and intercept of the plot
t/q, versus t. The high values of k, and R* (Table 5) suggest
that the kinetics of adsorption obeyed a pseudo-second-
order model in accordance to the adsorption of As(V) onto

0.5

0.4 o
o .
5 0
< —O— Sample 1 {1 Sample 2
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=
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Fig. 8. Adsorption kinetic data of As(V) onto ALAS samples
at pH 7 + 0.1 (initial concentration 100 ug As(V)/1, adsorbent
dose 0.5 g ALAS/1 for samples 1,2,5 and 0.2 g ALAS/1 for
samples 3,4).

Table 5

Values of the rate constants k, (initial concentration 100 pg
As(V)/1, adsorbent dose 0.5 g ALAS/I for samples 1,2,5 and
0.2 g ALAS/1 for samples 3,4)

Sample g, (ug/mg) Pseudo-second-order model
k, (mg pg'min™) R?

1 0.16 0.538 0.999

2 0.23 0.339 0.999

3 0.39 0.629 1

4 0.42 0.768 1

5 0.15 0.366 0.999
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activated alumina [16]. However, the estimated values of
k, for ALAS samples (Table 5) were almost one order of
magnitude higher than that reported for activated alu-
mina [16,37]. These significantly higher adsorption rates
of ALAS samples in comparison to activated alumina can
be attributed to the fineness of the materials (Fig. 3).

Since ALAS samples are porous particles that are
vigorously agitated during the adsorption period, it is
logical to assume that the rate is not limited by mass
transfer from the bulk liquid to particle external surface.
One might then postulate that the rate limiting step may
be film or intraparticle diffusion. Arsenate ions, how-
ever, are able to diffuse into the pore channel of meso-
porous materials like ALAS, since their radius is small
enough (H,AsO,:4.16 A, HAsO,>:3.97 A) [37]. To verify
this assumption the amount of As(V) adsorbed, g, at
time t, was plotted according to the parabolic diffusion
law, which is:

qr = kit®> 4)

where k is the diffusion rate constant (ug mg™ min=/2),
and the calculated values for ALAS samples presented
in Table 6. The plot of g, versus t*° for ALAS sample 1
are shown in Fig. 9. The linear portion is attributed to
the intraparticle diffusion effect and the plateau to the
equilibrium. The linear part of all ALAS samples curves
do not pass through the origin indicating that intrapar-
ticle diffusion is not the only rate controlling step for the
adsorption of As(V) onto ALAS. k, values were obtained
from the slope of the linear portion of curves and pre-
sented in Table 6. These significantly lower diffusion
rate constant values of ALAS samples in comparison to
activated alumina [16,37] can also be attributed to the
fineness of the materials (Fig. 3).

3.5.3 Adsorption of As(Ill)

A significantly low As(IIl) adsorption efficiency was
observed from all ALAS samples and as a consequence
the adsorption experimental data failed to obey both
the Freundlich and Langmuir models. For instance, by
increasing the dose of ALAS samples from 50 to 500 mg/1
at pH 6.5 = 0.1 an initial As(III) concentration of 100 pg/1
was marginally decreased to around 75 and 88 ug/I, by

Table 6
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Fig. 9. Diffusion rate equation plots of arsenic adsorption on
ALAS sample 1 (pH 7, initial concentration 100 ug As(V)/1,
adsorbent dose 0.5 g ALAS/I).

the low phosphate content samples (3,4) and high phos-
phate content samples (1,2,5), respectively (Fig. 10). A
quantitative example can substantiate this low adsorp-
tion efficiency of ALAS for As(III) adsorption capacity in
comparison to the As(V) one. Calculation of the adsorp-
tion capacity of sample 4 — with great efficiency — at
equilibrium concentration 75 ug/1 gave a value of q,. =
0.0125 pg As(Ill)/mg ALAS, which was more than two
orders of magnitude lower than the corresponding g, =
1.55 ug As(V)/mg ALAS, calculated by using the Freun-
dlich isotherm constants of Table 4. As was the case with
As(V) adsorption, pH showed strong influence on As(III)
removal efficiency of ALAS sample (Fig. 11) due to:

* Existence of the non-ionic form H,AsO, of As(III),
which is the dominant species in the pH range of 5-8
and its adsorption onto ALAS surface is attributed
only to weak Van der Waals forces.

e Co-occurring anions such as phosphate, which pres-
ent a stronger affinity for the ALAS surface binding
adsorption sites.

Such a low adsorption capacity of As(Ill) has also
been reported both for activated alumina [38] and in
situ freshly prepared AI(OH),. Indeed, Lakshmana et al.

Values of intraparticle diffusion rate constant for ALAS samples (initial concentration 100 pg As(V)/1, adsorbent dose 0.5 g

ALAS/1 for samples 1,2,5 and 0.2 g ALAS/1 for samples 3,4)

Sample
1 2 3 4 5
k, ug mg* min'/? 0.0032 0.0023 0.0036 0.0029 0.0016
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Fig. 11. Residual As(III) as function of pH (initial concentra-
tion 100 pg/1, adsorbent dose 100 mg/1).

failed to achieve residual As(III) concentration lower
than 50 ug/1 at pH 6.5 practicing coagulation with alum
and finally concluded that “alum did not have any
adsorption capacity for As(III)” [3].

Table 7
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3.5.4. Influence of physico-chemical characteristics of
ALAS on As(V) adsorption

Simple Pearson’s correlation coefficients (calculated
by the statistical software SPPS, version 1.2) were used
to assess the influence of the various physico-chemical
characteristics of ALAS on arsenic adsorption. Generally,
among the major ALAS components aluminum and phos-
phate were strongly related to the specific As(V) adsorp-
tion (g_ ), as shown in Table 7, which in turn means that
they strongly influence arsenic removal efficiency.

Specifically, aluminum which reflects gibbsite con-
tent of ALAS, showed a strong positive influence on the
parameters related to arsenic removal such as g (r =
0.946), Ssp (r=0.719), IEP (r = 0.789), as well as with the k,
(r=0.885). The weak positive correlation of g with IEP
(r = 0.293) was to be expected since the measured IEP, as
mentioned in Section 3.3, does not belong to true adsor-
bent (gibbsite) which is directly related with the g__ .

In contrast, phosphate was the key parameter with
strong negative influence on the parameters related to
arsenic removal such as g__ (r = —0.818), Ssp (r = -0.855)
and k, (r = —0.967). The strong-positive relation of phos-
phate and sulfate with calcium and their strong-negative
relation with arsenic adsorption and aluminum imply
that these anions:

* Were primarily precipitated as calcium salts.

® Occupied adsorption sites of ALAS in priority during
the neutralization—precipitation treatment of wastewater
and their high concentration resulted in lower aluminum
content. Also, the strong-negative relation of phosphate
with the specific surface area of ALAS samples (Table 7,
line 7, column 3) may illustrate the phosphate’s inter-
ference on the aluminum hydroxide surface growth.

Values of Pearson’s correlation coefficients between the physicochemical characteristics of ALAS samples and As(V)

adsorption at pH 6.5 + 0.1

G S, k, k, AP Ca?* PO~  SO»  COx  OC IEP
T 1

S, 0.694 1

k, 0.903 0.821 1

k, 0608 0012 0548 1

AP 0946 0719 0885 0589 1

Ca? -0.906 -0.531 —-0.885 -0.829 -0.931 1

PO -0.818 -0.855 -0.967 -0.395 -0.753 0.748 1

SO,» -0.235 -0.076 -0.300 —-0.548 —-0.498 0.568 0.091 1

CO» 0.330 —-0.042 0.015 0.284 0477 0.351 0.213 -0.529 1

ole ~0.097 0161  -0280 -0733  -0220 0503 0164 0755 0006 1

IEP 0293 0540 0565 0156 0789  -0.680 -0384 0835 062 0364 1

*Organic carbon.
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Calcium content was negatively related to As(V)
removal (g, ), either because its increase resulted in
aluminum content decrease, as it was also previously
mentioned for phosphate and sulfate, or most probably
because calcium existed as phosphate salt, which phos-
phate strongly interfere arsenic adsorption. Organic car-
bon, sulfate, as well carbonate, showed no significant
relation with the parameters affecting arsenic removal.

4. Conclusions

ALAS samples consist mainly of aluminum hydrox-
ide (gibbsite) and are characterized as a non hazardous,
inert material. They can be used, not only as effective
coagulants for wastewater treatment but at the same
time as potential As(V) adsorbents. The results of this
study showed that As(V) adsorption obeyed satisfacto-
rily the Freundlich and Langmuir models with kinet-
ics of adsorption governed by both surface adsorption
and intraparticle diffusion being fast enough reaching a
practical equilibrium in 1 h. The major components of
ALAS samples affecting arsenic adsorption were alumi-
num (gibbsite) and phosphate content. Aluminum con-
tent had a positive effect on As(V) adsorption whereas
phosphate a negative one. All ALAS samples were
found to be inadequate adsorbents towards As(III).
The As(V) as well as As(Ill) adsorption capacity of
ALAS was significantly decreased as the pH value was
gradually increased from 5 to 8. ALAS samples with a
phosphate content up to 2.2% w/w were satisfactory
As(V) adsorbents lowering an As(V) initial concentra-
tion of 100 pg/l well below the recommended limit
for drinking water at pH range 5-8. In contrast, ALAS
samples with high phosphate content (5.1-8.1% w/w)
failed to achieve residual As(V) concentration close to
the recommended limit for drinking water at pH values
higher than 6.6. Finally, since ALAS samples with high
phosphate content are very rare worldwide, the major-
ity of them should be considered as effective arsenate
adsorbents.
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