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a b s t r a c t   

Novel activated carbon (AC) composite materials, namely AC doped with aluminum oxide (Al2O3) and AC 
doped with Al2O3 and silver (Ag) nanoparticles, have been prepared via a one-step thermal decomposition 
method. The developed composite materials were used to study the adsorptive removal of molybdenum 
(Mo) and arsenic (As) from contaminated water. Several techniques, including X-Ray diffraction (XRD), 
transmission electron microscopy (TEM), scanning electron spectroscopy (SEM), energy dispersive X-Ray 
spectroscopy (EDS), and thermal gravimetric analysis (TGA), were used to characterize the synthesized 
materials. TGA results show that the material is very stable and decay starts only above 450 °C. The effects 
of pH on the adsorptive removal of As and Mo on AC-Al2O3 have also been studied. The prepared AC-Al2O3 

material showed 94% removal of total As at pH of 6% and 97% removal of Mo at pH 2. The pollutants removal 
is due to electrostatic attraction and ligand exchange adsorption mechanisms. It was also found that the 
novel AC-Al2O3-Ag composite materials exhibit notable antibacterial properties towards both Gram-nega-
tive (Escherichia coli) and Gram-positive (Bacillus subtilis) bacteria. 

© 2020 The Author(s). Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Due to their large surface area and microporous nature, activated 
carbon (AC) and modified activated carbons are used in multiple 
applications such as water treatment [1–4], gas/air purification [5], 
metal extraction [6], medical applications [7,8], catalysis [9–11], bio- 
and environmental applications [12,13], and energy storage appli-
cations [14,15]. AC is effective in adsorbing a wide range of organic 
compounds [16] and bacterial nutrients [17]. However, some studies 
have shown that AC used to treat drinking water can be heavily 
occupied by microbes, while other studies have revealed that bac-
teria attached to AC can be resistant to chlorination [18–21]. Al-
though AC is among the best adsorbents available in the market, 
there are still several problems and challenges related to its sorption 
capacity and low removal rates of heavy metals and bacteria. For 
example, it was reported that AC has a low efficiency in removing 
arsenic (As) from drinking water [22]. However, AC modified with 
iron materials were shown to considerably enhance the ability of 

iron-activated carbon composites for As removal when compared to 
pure AC filters [22,23]. Flocculated aluminum hydroxide produced 
from aluminum sulfate, aluminum oxide and iron oxide have been 
reported to be effective media for the removal of heavy metals, 
specifically, As [24–26]. 

Both As as well as molybdenum (Mo) are naturally occurring 
elements found in soils, sediments, and groundwater. However, their 
increasing presence due to anthropogenic activities is of concern due 
to detrimental effects on groundwater and surface waters. While As 
adsorption from water is well studied [27], very little information is 
available on Mo removal [28]. 

The study of Mondal and Garg [29] utilized AC from waste ma-
terials to be used for As adsorption and found the maximal removal 
to be at pH 1. Recent studies showed progress on the removal of 
arsenic from contaminated water. Both iron-modified and manga-
nese-modified AC were studied as alternative sorbents for the re-
moval of As(V) from aqueous solutions [30]. AC prepared from the 
natural products of oat hulls was found to be effective for the ad-
sorption of As(V) [31]. Granular AC was also found to be effective 
towards the adsorption of Mo from aqueous solutions [3,32]. 

Although nowadays, different adsorbents, including AC, zeolite, 
kaolinite, bentonite, montmorillonite, sepiolite and halloysite clay 
are widely used for water treatment applications, there remains a 
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need to develop even more efficient and inexpensive sorbents and 
filters, especially for use in contaminated areas. Many attempts have 
been done worldwide to solve these challenges by using modified 
AC-based composite materials [33–37]. It was shown that AC doped/ 
impregnated with silver can be efficiently used for bacteria removal 
from water [35,38–41]. Additionally, an AC/Fe-Al2O3 composite has 
been used as catalyst for hydrogen production [42], and AC-sup-
ported alumina (Al2O3) has been employed in the oxidation of 
phenol using a modified carbon electrode [43]. 

Alumina exhibits a unique ion exchange selectivity and presents 
both anion and cation exchange properties due to its acidic and basic 
properties [44]. So far, studies on the preparation and use of AC 
doped with Al2O3 and silver (Ag) are almost absent, and AC-Al2O3-Ag 
filters are not available in the markets. In this study, we report a 
novel, simple and robust approach to synthesize AC impregnated 
with silver and Al2O3 by using a one-step thermal decomposition 
method. The developed materials were tested for adsorptive removal 
of As and Mo from water. The antibacterial properties of AC and 
modified AC were also evaluated against Escherichia coli (E. coli) and 
Bacillus subtilis (B. subtilis) bacteria. 

2. Experiments 

2.1. Materials 

Materials and chemicals that were used in this study were pur-
chased from commercial suppliers of analytical grades. Activated 
carbon pieces with millimeter sizes, aluminum nitrate nonahydrate 
(Al (NO3)3·9H2O, purity 99.997%), silver nitrate (AgNO3, 99%) and 
sodium hydroxide (NaOH, purity 99.99%) were all purchased from 
Sigma Aldrich (USA). Standard solutions of arsenic (As) (1000 mg/L) 
and molybdenum (Mo) (1000 mg/L) were purchased from ROMIL 
Pure Chemistry. Sodium nitrate and the standard solution of fluoride 

(1000 mg/L) were purchased from Merck. Aqueous solutions were 
prepared using deionized water (DIW) of 18.2 MΩ/cm. Some phy-
sicochemical properties of AC and doped AC samples are shown in  
Table 1. 

2.2. Preparation of AC doped with aluminum oxide and silver 

First, the AC pieces were ground to powder down to 50–200 µm 
size particles (BET surface area of 1271 m2/g, see Table 1) using a ball 
mill method. Thereafter, composite materials consisting of 90 wt% 
AC/10 wt% Al2O3 and 85 wt% AC/10 wt% Al2O3/5 wt% silver were 
synthesized by quick thermal decomposition of aluminum nitrate 
nonahydrate and silver nitrate in a muffle furnace (Thermo Scientific 
Thermolyne 5.8 L A1 Bench top Muffle Furnace, 240 V) under air 
atmosphere at 450 °C for 60 min. In a typical experiment, 2 g of 
aluminum nitrate nonahydrate, 200 mg of NaOH, 1 g of silver nitrate 
and 20 g of AC powder were mixed in 100 mL of deionized water. 
The mixture was stirred for 20 min, followed by sonication for 
10 min in an ultrasonic bath. The saturated AC was placed in an 
alumina crucible and was heated at 450 °C for 60 min. After the 
furnace was switched off, the AC doped with aluminum oxide and 
silver was cooled down to room temperature and taken out of the 
furnace. The AC composite material was then washed with deionized 
water for several times. Finally, the washed samples were dried in an 
oven at 95 °C for 24 h in air. Fig. 1 illustrates a diagram of experi-
mental steps to prepare the AC-Al2O3-Ag composites. 

2.3. Samples characterization 

Several advanced techniques were used to characterize the pre-
pared samples. The structural study of the materials was char-
acterized using X-ray diffraction (XRD) patterns from a Bruker D8 
Advance X-Ray diffractometer with Cu-Kα radiation source 

Table 1 
Some physicochemical properties of activated carbon (AC) and doped activated carbon.      

Physicochemical properties AC AC + 10 wt% Al2O3 AC + 10 wt% Al2O3 + 5 wt% Ag 
Partials sizea 50–200 (μm) 50–200 (μm) of AC doped with Al2O3 nanoparticles 50–200 (μm) of AC doped with Al2O3 and Ag nanoparticles 
Surface area (SBET)b(m2/g) 1271.33 1162.77 1209.497 
Total pore volume (cm³/g)c 0.54 0.49 0.46 
C (atomic percentage) (at%)d 97.35 93.21 67.14e 

O (atomic percentage) (at%)d 2.34 4.24 23.22e 

pHpzc
f 2.73 6.62 Not measured  

a Partials size was determined by SEM and TEM.  
b BET surface area (SBET) was determined by using N2 adsorption-desorption analysis at 77 K using a Micromeritics ASAP-2020 surface analyzer (USA).  
c Total pore volume was calculated at p/p° = 0.995.  
d Atomic percentage was determined by energy dispersive X-ray spectroscopy (EDS).  
e Atomic percentage was determined by X-ray photoelectron spectroscopy (XPS). (The XPS results are not shown here).  
f pHpzc: pH at point of zero charge was determined by a Malvern Zetasizer Ultra equipment.  

Fig. 1. A diagram shows experimental steps to prepare AC-Al2O3-Ag composites.  

R. Al-Gaashani, D. Almasri, B. Shomar et al. Journal of Alloys and Compounds 858 (2021) 158372 

2 



(λ = 0.15418 nm) ranging from 10° to 80°. High resolution transmis-
sion electron microscopy (HRTEM) (FEI Talos 200X) and scanning 
electron microscopy (SEM) (Quanta 650) were used to study the 
morphology of the prepared samples. Energy-dispersive X-ray 
spectroscopy (EDS) was used for elemental analysis. TGA was used to 
study the thermal stability using a Perkin-Elmer thermos-gravi-
metric system. A temperature range of 30–1000 °C at a heating rate 
of 10 °C/min under oxygen flow was used. Zeta potential measure-
ments were done on a Malvern Zetasizer Ultra equipment. The BET 
surface area and total pore volume of the activated carbon and 
doped activated carbon samples were measured using N2 adsorp-
tion-desorption analysis at 77 K using a micromeritics ASAP-2020 
surface analyzer (USA). Before BET measuring, the samples were 
degassed at 200 °C for 8 h. 

2.4. Batch adsorption experiments 

In a typical adsorption experiment, 2.5 g/L of AC powder or AC 
doped with aluminum oxide (AC-Al2O3) were added to a solution 
with a known contaminant concentration. For the single and multi- 
element experiments, the pH was adjusted to 7.0  ±  0.2. The pH of 
the solution was adjusted with 0.1–1 M HCl or NaOH. The reactors 
were shaken at 25 °C at a rate of 350 rpm for 24 h (to ensure equi-
librium adsorption was met). The effect of competition on Mo re-
moval from water was investigated by adding common coexisting 
ions that may be found in groundwater (arsenic, fluoride, and ni-
trate) to the Mo solution. Sample aliquots were taken from the 
suspensions and filtered through a 0.45 µm filter for cation and 
anion analysis. The effect of solution pH on the adsorption of con-
taminants was studied by adjusting the initial pH from 2 to 8 after 
the addition of adsorbents. 

Arsenic, molybdenum, and aluminum were analyzed using an 
inductively coupled plasma-mass spectrometry (ICP-MS) (Bruker 
aurora M90). Fluoride and nitrate ions were analyzed using an ion 
chromatography (IC, Dionex). 

The percent removal at a specific time t of pollutants was cal-
culated based on the following equation: 

= ×removal
C C

C
%

( )
100%t0

0 (1) 

Here, C0 (mg/L), and Ct (mg/L) denote the initial and equilibrium 
pollutants concentrations, respectively, V (L) is the volume of the 
solution, and W (g) is the mass of the adsorbent used. 

2.5. Testing of the antimicrobial properties of the synthesized material 

The antimicrobial activity of the synthesized materials against 
Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) bacteria was 
tested using agar cup double-diffusion methods [45]. The micro-
organisms were cultured overnight at 37 °C in nutrient agar. The cell 
concentrations of bacterial inoculants were 120–230 colony-forming 
unit (CFU)/mL. The carbon-based materials were delivered to the 
Petri dishes, and the Petri dishes were incubated at 37 °C for 24 h. 
After incubation, the zones of inhibition were evaluated by mea-
suring the diameter of the zone formed around the materials. The 
presence of the zone of microbial growth inhibition around the 
carbon-based material indicates its bactericidal effect. This effect 
was expressed in terms of average diameter of the inhibition zone. 

3. Results and discussion 

3.1. Structural studies of the prepared samples 

Fig. 2 shows XRD patterns of AC before doping (a), AC after 
doping with 10 wt% Al2O3 (b) and AC doped with 10 wt% Al2O3 and 
5 wt% Ag (c). Fig. 2(a) depicts the amorphous phase of AC before 

doping. AC doped with 10 wt% Al2O3 has also amorphous phase as 
shown in Fig. 2(b). However, AC doped with 10% Al2O3 and 5 wt% Ag 
has two phases: an amorphous phase of AC doped Al2O3 and crys-
talline phase of Ag as shown in Fig. 2(c). The diffraction peaks ob-
served at Bragg angle (2θ) of 38.11°, 44.30°, 64.45° and 77.41° 
correspond to, respectively, (111), (200), (220) and (311) planes of 
the cubic structure of Ag (ICDD card No. 01-087-0717 with a lattice 
constant equals to a: 4.0857 Å, volume: 68.20 Å3 and space group 
Fm-3m) (Fig. 2c). 

Fig. 3 shows surface SEM images of AC (a and b) and AC doped 
with 10 wt% Al2O3 (c and d) while cross section SEM images of AC 
doped with 10 wt% Al2O3 were shown in Fig. 3(e and f). The AC 
surface before modification is free of white particles (namely, Al2O3 

nanoparticles) as shown in Fig. 3(a and b). However, after mod-
ification of AC using Al2O3, the white nanoparticles were regularly 
grew and distributed over the surface and cross section of AC, as 
shown in Fig. 3(c–f). After reacting aluminum nitrate with sodium 
hydroxide in deionized water, aluminum hydroxide was produced as 
shown in Eq. (2). The formed aluminum hydroxide was absorbed by 
AC particles during stirring. 

+ +Al NO NaOH Al OH NaNO( ) 3 ( ) 33 3 3 3 (2)  

During thermal decomposition of aluminum nitrate at 450 °C, 
aluminum oxide grew in every part of the AC particles, as shown in  
Figs. 3(c–f) and 5 (Al). Thermal decomposition of aluminum nitrate 
took place between about 150–200 °C as follows: 

+ +Al NO Al O NO O2 ( ) 6 3/23 3
450

2 3 2 2 (3)  

Figs. 4 and 5 illustrate EDS analysis of AC before and after doping 
with 10 wt% Al2O3, respectively. The elemental and mapping analysis 
by EDS of AC before doping show that C and O were the main ele-
ments, as shown in Fig. 4. However, EDS mapping (Fig. 5) shows 
three main elements (C, O and Al) after AC doping with 10 wt% Al2O3.  
Fig. 5 (Al) shows a uniform distribution of the Al element in AC 
particle. 

Fig. 6 illustrates TEM images of AC doped with Al2O3 and Ag 
prepared by one-step thermal decomposition at 450 °C of aluminum 
nitrate nonahydrate and silver nitrate absorbed by AC. The black 
crystal particles represent silver nanoparticles while white-gray 
areas represent amorphous phases of AC doped with Al2O3. Silver 
nanoparticles have three different morphologies: quantum dots (less 
than 4 nm), heart morphology and apple morphology as shown in  
Fig. 6(d). The nano-heart shaped structure has about 25 nm length 
and 26 nm width (Fig. 6c). Similarity, nano-apple shaped structure 
has about 20 nm length and 25 nm width (Fig. 6e). Fig. 7 provides 

Fig. 2. XRD patterns of (a) AC, (b) AC + Al2O3 and (c) AC-Al2O3-Ag.  
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EDS analyses of AC doped with 10 wt% Al2O3 and 5 wt% Ag. The 
elemental and mapping analysis by EDS of AC show that C, Ag, Al and 
O are the main elements as shown in Fig. 7. 

Fig. 8 depicts the TGA analysis of AC (a) and AC doped with 
10 wt% Al2O3 (b). These results reveal that composite materials are 
very stable at ambient temperatures and decay starts only above 
450 °C. The rest of the materials after burning the activated carbon 
represent about 1 wt% (a) and 11 wt% (b) which includes 10 wt% 
Al2O3. 

Table 1 shows that there is no appreciable effect on porous structure 
or surface area of AC after thermal decomposition of nitrates. 

3.2. Adsorption properties 

AC and AC-Al2O3 were tested for their adsorption removal effi-
ciency in a multi-element solution consisting of coexisting ions 
commonly found in natural water, which include Mo, As, F, and NO3 

at a pH 7. From Fig. 9, it can be seen that negligible amounts of all 

Fig. 3. SEM images of AC as it is (a and b) and AC doped with 10 wt% Al2O3 (c–f).  
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Fig. 4. EDS analysis of AC before doping. HAADF is high-angle annular dark-field image.  

Fig. 5. EDS analysis of AC doped with Al2O3. HAADF is high-angle annular dark-field image.  
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ions were removed using AC, while AC-Al2O3 removed more than 
90% of As and a negligible amount of Mo. 

The removal efficiency of a contaminant on an adsorbent is a direct 
consequence of several factors, which include the surface charge of the 
adsorbent and the speciation of the adsorbate in water. The point of 
zero charge (PZC) of our AC was found to lie at pH 2.7, which is in 
agreement with the value exhibited for AC in other studies [46,47]. 
Therefore, AC is typically expected to carry a positive charge for pH 
values less than the PZC, and a negative surface charge above that 
value. Aluminum oxide has a PZC of approximately 9.1, hence, it carries 
a positive surface charge over a wide pH range [48]. Modifying AC with 
Al2O3 is expected to increase its PZC. As shown in Fig. 10, the PZC of our 
prepared AC-Al2O3 was approximately at a pH value 6.6 which in-
dicates the successful modification of AC with Al2O3 nanoparticles by 
making it more positively charged over a broader pH range. 

In order to further investigate why Mo was not adsorbed on either 
adsorbent in the multi-element solution and why most of the As was 
removed using AC-Al2O3, pH experiments were conducted. The effect 
of pH on the removal efficiency of Mo and As was conducted and the 
results are shown in Fig. 11a and b. The maximum percent removal for 
Mo was found to be at a pH 2 (97%) and decreased significantly with 
increasing alkalinity, reaching negligible removal at a pH 8 (Fig. 11a). A 
similar trend is observed by several other researchers [49–51]. It is 
evident that Mo adsorption on AC-Al2O3 was highly pH dependent. 
Below pH 4.5, the species of Mo that are dominant in the solution are 

HMoO4−, Mo7O22 (OH)2
4−, Mo7O23(OH)5− and Mo7O24

6− [51,52]. At a pH 
above 4.5, the MoO4

2− species dominates [51]. Accordingly to Fig. 10, 
AC-Al2O3 holds a positive surface charge up to a pH 6.6 and a negative 
surface charge in solutions of a higher pH. The negligible removal of Mo 
at pH 8 suggests that Mo adsorption on AC-Al2O3 is dominated by an 
electrostatic attraction mechanism. The negatively charged Mo species 
were repulsed by the negatively charged AC-Al2O3 surface at that pH 
and may have also competed with OH− ions [49]. 

In the case of As, in Fig. 11b, it can be seen that As was nearly 
completely adsorbed at the pH range of 2–4 and decreased gradually 
as the pH increased, reaching 94% and 78% removal at a pH 6 and pH 
8, respectively. It should be mentioned at a pH  <  6.8, the aqueous 
speciation of arsenate exists predominantly as H2AsO4−, while the 
divalent HAsO4

2− species dominates at higher pH [53]. It is hy-
pothesized that As was removed via electrostatic attraction at the 
pH < pHPZC between the negatively charged As species and positively 
charged adsorbent surface. This explains why adsorption of As at 
pH < pHpzc was highest with respect to pH. At this pH range, the 
equilibrium pH was observed to increase slightly, indicating that As 
adsorption likely occurred as well via ion exchange between the As 
and hydroxide groups on the surface of the AC-Al2O3 ad-
sorbent [54–57]. 

Since AC-Al2O3 held a negative charge at pH 8 and adsorption of 
As was still observed in Fig. 11b, adsorption by electrostatic attrac-
tion may be ruled out as the dominating adsorption mechanism for 

Fig. 6. TEM images of AC doped with Al2O3 and Ag.  

R. Al-Gaashani, D. Almasri, B. Shomar et al. Journal of Alloys and Compounds 858 (2021) 158372 

6 



As at pH > pHPZC. The results from the pH studies show that the AC- 
Al2O3 adsorbent was capable of adsorbing the negatively charged As 
even when it possessed a negative surface charge. This is a depiction 
of specific adsorption (ligand exchange or chemisorption) where a 
strong covalent bond forms due to the bonding of the As ion directly 
to the surface without the presence of a water molecule in between  
[58,59]. It is known that the modification of a carbon surface with 
oxygen-containing functional groups strongly influences its ad-
sorption affinity towards an adsorbate [60]. The presence of oxygen 
in Al2O3 on the surface of AC leads to the formation of As‒O bonds on 
the As/AC-Al2O3 interface [61]. The strong role the presence of the 
oxygen groups (from Al2O3) plays in the adsorption of As on AC 
confirms why AC was not capable of adsorbing As while AC-Al2O3 

did in Fig. 9. 
Leaching of Al during the As adsorption process on AC-Al2O3 

adsorbent was tested at pH 2, pH 4, pH 6 and pH 8. Results showed 
Al leaching of 8.25  ±  1.52 ppm at pH 2, 0.013  ±  0.01 ppm at pH 4, 
0.033  ±  0.001 ppm and 0.118  ±  0.045 at pH 6 and 8, respectively. 
These results show that while the material did leach in a highly 
acidic environment, little leaching was observed at the other pH 

values and the amounts lie within the US EPA secondary maximum 
contamination level [62]. 

3.3. Antibacterial properties of the prepared materials 

Antibacterial properties of the synthesized materials were tested 
towards both Gram-negative (E. coli) and Gram-positive (B. subtilis) 
bacteria. Antibacterial activity by agar well diffusion technique was 
recorded after 24 h incubation of culture plates. Zones of inhibition 
of the prepared materials against the bacterial strains are displayed 
in Figs. 12 and 13. As seen in Fig. 12, AC and AC-Al2O3 materials did 
not show any incubation zone with tested bacteria. In contrast, zone 
of inhibitions for AC-Al2O3-Ag material against both E. coli and B. 
subtilis are clearly shown in Fig. 13. 

The presented data indicate that AC-Al2O3-Ag composite material 
demonstrate notable antibacterial properties against the tested mi-
croorganisms. The significant zone of inhibition was exerted due to 

Fig. 7. EDS analysis of AC doped with Al2O3 and Ag. HAADF is high-angle annular dark-field image.  

Fig. 8. TGA analysis of AC before treatment (a) and AC doped with 10 wt% Al2O3 (b).  

Fig. 9. As and Mo adsorption in multi-element solution (contact time = 24 h; 
adsorbent dosage; 2.5 g/L; pH = 7; Mo (1 mg/L), As (1 mg/L), F (5 mg/L), NO3 (20 mg/L)) 
using AC and AC-Al2O3. 
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bactericidal effect of doped silver on bacterial cells. Antimicrobial 
properties of silver-based materials have received wide attention 
due to the low toxicity of silver ions to human cells [63]. However, 
the mechanism of the bactericidal effect of silver-based materials is 
still not precisely identified. By using TEM, it was shown that silver 
nanoparticles can adhere and penetrate into E. coli cells and damage 
the cell membrane [64]. On the other hand, it was reported that Ag+ 

ions released by silver-based materials interact with the respiratory 
chain enzymes of E. coli and inhibit the respiratory chain leading to 
cell death [65]. Marambio-Jones and Hoek [66] suggested that the 
most common bactericidal mechanisms of silver- based materials 
are as follows: (i) uptake of free silver ions followed by disruption of 
ATP production and DNA replication, (ii) silver particles and silver 
ions in the presence of dissolved oxygen generate reactive oxygen 
species that attack membrane lipids and lead to a breakdown of 
membrane and mitochondrial function or cause DNA damage, 
causing bacterial cell death, and (iii) silver particles directly damage 
to the cell membranes. 

Fig. 11. Effect of pH on (a) molybdenum and (b) arsenic adsorption on AC-Al2O3.  

Fig. 12. Antibacterial properties of AC and AC doped 10 wt% Al2O3 towards gram-negative (E. coli) and gram-positive (B. subtilis) bacteria.  

Fig. 10. Zeta potential of raw AC and AC-Al2O3.  
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4. Conclusions 

In this study, a novel one-step thermal decomposition method 
was developed to prepare composite materials including AC doped 
with Al2O3 and AC doped with Al2O3 and Ag nanoparticles. To the 
best of our knowledge, this preparative method is unique, and 
yielded materials with promising adsorptive properties. The mor-
phology, particle size, chemical composition, and thermal stability of 
the prepared composite materials were investigated by using TEM, 
SEM, EDS, and TGA characterization techniques. 

The developed AC-Al2O3 materials were tested for adsorptive 
removal of As and Mo from multicomponent solutions in the pre-
sence of coexisting fluoride and nitrate ions, which are commonly 
found in natural waters. The effect of solution pH on removal effi-
ciency was studied in detail. It was found that adsorption of Mo and 
As on AC-Al2O3 was highly pH dependent and likely involved an 
electrostatic attraction mechanism. The maximum Mo removal was 
found to be at a pH 2 (97%) and removal decreased notably with 
increasing feed pH value. On the other hand, As was nearly com-
pletely adsorbed at the pH range of 2–4 and the removal efficiency 
decreased to 94% and 78% at feed pH 6 and 8, respectively. The high 
adsorption of As on AC-Al2O3 was postulated to be based on a ligand 
exchange mechanism. Antibacterial properties of the developed 
materials were tested towards both Gram-negative (E. coli) and 
Gram-positive (B. subtilis) bacteria by using the agar well diffusion 
technique. A significant zone of inhibition was found for AC-Al2O3- 
Ag sample, indicating notable antibacterial properties of the syn-
thesized composite material against the tested microorganisms. The 
high adsorptive removal of Mo and As, as well as bactericidal 
properties of the prepared composite materials, are promising for 
their application in water treatment. 
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