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1. Abstract
1.1. Background: In this study, silver-loaded magnetic nanopar-
ticles (Ag-Fe3O4 NPs) were developed under laboratory conditions 
to treat the secondary settling effluent coming from the biological 
aerobic activated sludge proses from a Pharmaceutical Wastewater 
(ww). 

1.2. Material and Methods: This wastewater contained some 
pharmaceuticals and bacteria at high concentrations which were 
not treated at the beginning treatment steps. The effect of Ag-Fe3O4 
NPs concentrations (0.1, 0.5, 1.0, 1.5 mg/l), contacting time (2, 
5, 8, 10 and 15 mins), pH levels (4, 7 and 8), power (2, 4 and 6 
W/m2), frequency (2, 5, 8 kHz). Salmonella, Psuedomonas, yeast, 
fungi, total coliforms, fecal coliforms, heterotrophic bacteria and 
ibuprophene, oxytetracycline removal yields were detected. The 
Ag-Fe3O4 NPs has a size of 25 nm and the saturation magnetiza-
tion was recorded as 49 emu/g. The particle shapes and proper-
ties were analised with field emission scanning electron micros-
cope (FESEM) and fourier transform infrared spectrophotometer 
(FTIR), X-ray diffraction (XRD) and thermogravimetric analysis 
(TGA). The acute toxicity assays was examined with Microtox 
(with Aliivibrio fischeri also known as Vibrio fischeri) and Daph-
nia magna acute toxicity test before and after the removal of mic-
roorganisms and organic compounds from a Pharmaceutical ww 
using Ag-Fe3O4 NPs. ANOVA statistical analysis was used for all 

experimental samples. A cost analysis also was performed.

1.3. Results: The maximum organism and pollutant yields were 
around 98% at 0.5 mg/l, after 10 mins at a neutral pH. The re-
covery of the Ag-Fe3O4 NPs were studied. 89% treatment yields 
were recorded after 8 months of continous operation. Adsorptive 
and photocatalytic studies showed that after a short adsortion time 
the pollutants and the microorganisms were removed successfully 
at 2 watt/m2 power and at 2 kHz frequency. The proposes a novel 
simple method was applied for the adsorption of ibuprophene and 
oxytetracycline in water using Ag-Fe3O4 NPs. The TEM image of 
Ag-Fe3O4 NPs appeared darker than Fe3O4 NPs. Our method of 
NPs synthesis could not produce uniform particles in size. The 
XRD patterns of Ag-Fe3O4 NPs showed the 2θ values of 38.11°, 
44.32°, 64.24°, 77.61° and 81.57° corresponding to the (111), 
(200), (220), (311) and (222) planes of cubic Ag, respectively. The 
Ms values was 61 emu/g for Fe3O4 NPs and 69 emu/g for Ag-Fe3O4 
NPs. The increasing Ms values in the nanocomposites (NCs) mi-
ght have been due to the interactions between the NPs changed the 
anisotropic energy. 99% maximum ibuprophene adsorption remo-
val yield was obtained at 2.03 mg/g maximum ibuprophene ad-
sorption concentration, at pH = 7.0 and at 21oC, respectively. 99% 
maximum oxytetracycline adsorption removal yield was observed 
at 3.04 mg/g maximum oxytetracycine adsorption concentration, 
at pH = 5.0 and at 21oC, respectively. 93% maximum Ag-Fe3O4 
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NPs adsorption yield was measured at 45 min contact time, 7 mg 
in 500 µl of suspension, at 0.1 mg/l Ag-Fe3O4 NPs, at 3.0 mg/l 
ibuprophene and at 3.0 mg/l oxytetracycline, respectively. 94.44% 
maximum Microtox acute toxicity yield was observed in Ag-Fe3O4 
NPs=1 g/l after 150 min, at 60oC. However, 90% maximum Dap-
hnia magna acute toxicity yield was observed in Ag-Fe3O4 NPs=1 
g/l after 150 min, at 60oC. The removal of microorganisms and 
organic compounds from a Pharmaceutical ww using Ag-Fe3O4 
NPs is a very economical method during different experimental 
conditions.

1.4. Conclusions: The characterization of the adsorbent by means 
of microscopy, spectroscopy and calorimetry techniques reveal the 
presence of Ag in Ag-Fe3O4 NPs and the adsorption of ibuprop-
hene and oxytetracycline in Pharmaceutical ww. The adsorption 
equilibrium is characterized by a Langmuir isotherm model. Mic-
rotox acute toxicity test yield is higher than Daphnia magna acute 
toxicity test for the removal of microorganisms and organic com-
pounds from Pharmaceutical ww using Ag-Fe3O4 NPs. Therefore, 
it can be concluded that the toxicity originating from the Ag-Fe3O4 
NPs is not significant and the real acute toxicity throughout the 
removal of microorganisms and organic compounds was attribu-
ted to the Pharmaceutical ww, to the microorganisms and organic 
compounds in Pharmaceutical ww ww, to their metabolites and to 
the disruption by-products. Finaly, the removal of microorganis-
ms and organic compounds from a Pharmaceutical ww using Ag-
Fe3O4 NPs and the evaluation of Microtox and Daphnia Magna 
acute toxicity assays for these conditions was successfully imple-
mented. The removal of microorganisms and organic compounds 
from a Pharmaceutical ww using Ag-Fe3O4 NPs is a very econom-
ical method during different experimental conditions.

2. Introduction

Pharmaceuticals are products used in large doses in daily life con-
sidered as contaminants of emerging concern. Due to the large 
amounts of drugs consumed, the hydrogenic sources sufer from 
contamination processes that give rise to toxicological efects in 
humans despite its low concentrations [1, 2]. Many medicines 
considered as emerging contaminants are constantly detected in 
groundwater, wastewater treatment plants and water supply. The 
inefciency of conventional methods used in water treatment plants 
to remove the contaminant motivates the development of efec-
tive methods to treat efuent contamination [3]. According to the 
physico-chemical properties of drugs, their degradation products 
and the characteristics of the soils, these substances can reach the 
groundwater and contaminate the aquifers or remain retained in 
the soil, thus afecting the ecosystem and humans through the food 
chain [4]. Additionally, the portion of medicines not assimilated 
by the organism, as well as chemical substances administered to 
animals, usually become part of wastewater. Consequently, dife-
rent ways of removing medicines in waters have been studied [5].

In recent decades, much attention has been paid to the application 

of NPs in environmental purposes. This is because nanosized ma-
terials have a large surface area-to-mass ratio and high reactivity 
[6, 7]. Thanks to these features, NPs have been widely used as 
catalysts [8], adsorbents [9, 10], detectors [11], and disinfectants 
[12] in various studies. Due to their non-specific action, NPs as 
adsorbents are capable of removing a wide variety of contaminants 
including organics, inorganics, and colloids such as bacterial cells. 
When making a decrease in microbial contamination is a major 
goal, one can use some NPs with inherent disinfection capabilities 
such as magnetic NPs [13]. Therefore, the need for adding other 
disinfectants such as chlorine (Cl - 1 ) and ozone (O3), which are 
associated with adverse side effects, may be eliminated [14].

Magnetite (Fe3O4) is the strongest magnetic species among the 
transient metal oxides [15]. The reactive surface of iron-oxides 
allows for the adsorption of various impurities from water envi-
ronment [16]. When used as NPs, called Fe3O4 NPs, they release 
reactive oxygen species (ROS) such as superoxide radicals (O2

−), 
hydroxyl radicals (OH●), hydrogen peroxide (H2O2), and singlet 
oxygen (1O2) that can decompose proteins and DNA in bacterial 
cells [17]. Therefore, Fe3O4 NPs can exert their antibacterial ef-
fects through both physical adsorption and chemical disinfection. 
The feature of Fe3O4 NPs gives them an excellent separation pro-
perty in the vicinity of an external magnetic field, which is essenti-
al for the removal of small-sized NPs from the effluent [14].

The federal government has developed regulations and guidelines 
to protect people from the possible health effects from long-term 
exposure to Ag in drinking water [18]. The Environmental Pro-
tection Agency (EPA) suggests that the level of Ag in drinking 
water not be more than 0.05 mg/l. However, in May, 1989, the 
EPA announced that this restriction on Ag levels in drinking wa-
ter might be removed. For shortterm exposures (l-10 days), EPA 
suggests that drinking water levels of Ag not be more than 1.142 
mg/l. Any release to the environment of more than 453.6 g silver 
nitrate (AgNO3) or 453.6 kg of Ag alone should be reported to the 
National Response Center. To limit the amount Ag workers are 
exposed to during an 8-hour shift for a 40-hour work week, the 
Occupational Safety and Health Administration (OSHA) has set 
a legal limit (Permissible Exposure Limit or PEL) of 0.01 mg Ag/
m3 air in workroom air Studies in rats show that drinking water 
containing very large amounts of Ag (2.6 g Ag/l) is likely to be 
life-threatening [18]. 

World Health Organization (WHO) (2002) found that in environ-
ments not anthropogenically altered, silver sulfhydrate (AgHS) or 
simple sulfur (S) polymer species (HS-Ag-S-Ag-SH) dominate 
[19]. At higher concentrations, colloidal silver sulfide (Ag2S) or 
silver polysulfide complexes dominate. Under reducing conditi-
ons, the Ag ion is sometimes released from the sulfur (S8) bearing 
species. Because concentrations of the Ag ion is typically extre-
mely low in natural environments relative to the available binding 
sites of S8, the Ag ions are quickly combined with other S8 comp-
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lexes. Both scenarios result in essentially non-toxic forms of Ag. 
Hardness is also a significant control on Ag toxicity. However, it is 
not the largest control on toxicity as once thought. Below are the 
data used to create the Environmental Protection Agency (EPA) 
Ag toxicity equation as a function of hardness, re-evaluated by 
Hogstrand (1996) [19].

Ag is a noble metal that exhibits a relatively weak oxidation be-
havior [20]. In large sizes, it is a low-reactive metal. However, in 
nanoscales, its microbicidal characteristic extremely enhances due 
to the increased specific surface area [21]. Like Fe3O4 NPs, Ag 
NPs can exhibit their antibacterial activity through ROS generati-
on [22]. In addition, other mechanisms have been mentioned such 
as the interaction of Ag-NPs with surface structures of bacterial 
cells and the reaction of released Ag ions with S8 and phosphorous 
(P) of cell macromolecules [23]. Accordingly, Ag has been used 
successfully in previous studies as a bactericidal agent against 
Gram-negative bacteria, e.g., coliforms [24]. The easy separation 
of the Fe3O4 product can facilitate the recovery of invaluable Ag 
particles. It has been stated that Ag in combination with Fe3O4 NPs 
can penetrate biofilms more easily than Ag alone does [21]. The-
refore, Fe3O4-Ag NPs can show enhanced characteristics for water 
and wastewater treatment purposes [14].

There are several assumptions for the interaction of Ag and Fe3O4 
NPs. Petrov et al. [25] modified Fe3O4 NPs with Ag and could de-
tect Ag both around Fe3O4 NPs and as separate particles in the stru-
cture of Ag-Fe3O4 NPs. They also showed that Ag ions replaced 
Fe+3 ions in the Fe3O4 lattice. Therefore, a combination of physical 
and chemical interactions can play a role in the connection of Ag 
to Fe3O4 NPs structure [14].

Various studies in the literature investigated the antibacterial effe-
cts of magnetic Fe3O4 NPs alone or in combination with Ag-NPs 
as shells. For example, Ghaseminezhad et al. [23] took advantage 
of the anti-biofilm activity of the compounds against antibiotic-re-
sistant bacterial species in vitro. Joshi et al. [26] employed the 
composite successfully against Escherichia coli (E. Coli) using the 
zone inhibition method on culture plates. However, limited studies 
are available to compare the effectiveness of Fe3O4 NPs and Ag-
Fe3O4 NPs against bacterial cells in environmental applications. 
Moreover, the efficacy of the NCs in the decrease of organic con-
tent of environmental samples would be interesting to determine. 
As far as we know, there is no similar study in the literature to 
investigate the application of Fe3O4 NPs and Ag-Fe3O4 NPs for 
advanced purification and disinfection of Wastewater Treatment 

Plant (WWTP) effluents. 

This study aimed to examine the effectiveness of Fe3O4 NPs and 
Ag-Fe3O4 NPs in the removal of Total Coliforms (TC), Fecal Co-
liforms (FC), Heterotrophic Bacteria (HB), and Chemical Oxy-
gen Demand (COD) from real Pharmaceutical WWTP effluents. 
In addition to, the particle shapes and properties were analised 
with Field Emission Scanning Electron Microscope (FESEM) 
and fourier transform infrared spectrophotometer (FTIR), X-ray 
Diffraction (XRD) and Thermogravimetric Analysis (TGA). The 
acute toxicity assays was examined with Microtox (with Aliivibrio 
fischeri also known as Vibrio fischeri) and Daphnia magna acute 
toxicity test before and after the removal of microorganisms and 
organic compounds from Pharmaceutical ww using Ag-Fe3O4 
NPs. ANOVA Statistical Analysis was used for all experimental 
samples. A cost analysis also was performed.

3. Materials and Methods
3.1. Preparation of Ag-Fe3O4 NPs

20 ml of H2O was heated at 80oC and continuously stirred under 
N2(g) atmosphere. Then, 0.56 g FeCl3.6H2O and 0.2 g FeCl2.4H2O 
were added. When the solids were dissolved, 2 ml of concentrated 
ammonia (NH3) solution were incorporated and the solution was 
stirred for 10 min. The particles were separated using a permanent 
magnet and the supernatant was discarded. The solid was washed 
three times with H2O until the washing liquids were neutral. 0.28 g 
Fe3O4 NPs were suspended in 20 ml of H2O. After, 5.7 ml of dilu-
ted 0.011 g/l AgNO3 solution were added, the mixture was stirred 
for 5 min and using the magnet were separated and washed several 
time with H2O. Finally, Ag-Fe3O4 NPs were suspended in 20 ml of 
H2O again. 

3.2. Physicochemical Properties of Ag-Fe3O4 NPs 

A Field Emission Scanning Electron Microscopy (FESEM) analy-
sis was performed to check the presence of Ag in the samples. In 
Figure 1a it is shown the 3D image for Fe3O4, while Figure 1b 
shows the intensity image for Ag-Fe3O4 NPs where the Ag appears 
as spherical, and shiny due to its high atomic number. 

Additionally, energy dispersive X-ray Spectroscopy (EDX) graphs 
for Ag-Fe3O4 NPs are presented in Figure 2. In the latter, the signal 
corresponding to Ag appears in the plot. A BET test was carried 
out to determine the contact surface area of the adsorbent, giving 
a value equal to 116.476 m2/g, and a correlation coefficient for the 
BET isotherm of 0.999.
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Figure 1: FESEM images of (a) Fe3O4 NPs and (b) Ag-Fe3O4 NPs

Figure 2: EDX spectra of Ag-Fe3O4 NPs 
3.3. Adsorption Studies

A H2O sample (10 ml) containing pharmaceuticals at concentra-
tions of 0.2 mg/l was placed in a polypropylene tube, 500 µl of 
Ag-Fe3O4 NPs suspension were added. After shaking 30 min at 
21oC, the magnet was placed at the bottom of the tube for 5 min 
and the adsorbent was separated. The supernatant was analyzed for 
ibuprophene ana oxytetracycline to determine the maximum re-
moval efciency of the aforementioned chemicals. Figure 3 showed 
FTIR spectrum for Ag-Fe3O4 NPs after the adsorption process, 
where the characteristic IB signals are marked (carbonyl group at 
1704,12  1/cm stretch frequencies of Csp3-H of isobutyl group at 
2951,93 and 2922,15  1/cm; aromatic C=C bond at 1560,83  1/cm; 
O–H bond at 3100  1/cm). 

Figure 3: FTIR spectra of Fe3O4 NPs (blue) and Ag-Fe3O4 NPs (red)
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3.4. Acute Toxicity Assays

3.4.1. Microtox Acute Toxicity Test 

Toxicity to the bioluminescent organism Aliivibrio fischeri (also 
called Vibrio fischeri or V. fischeri) was assayed using the Micro-
tox measuring system according to DIN 38412L34, L341, (EPS 1/
RM/24 1992). Microtox testing was performed according to the 
standard procedure recommended by the manufacturer [27]. A 
specific strain of the marine bacterium, V. fischeri-Microtox LCK 
491 kit [28] was used for the Microtox acute toxicity assay. Dr. 
LANGE LUMIX-mini type luminometer was used for the micro-
tox toxicity assay [29].

3.4.2. Daphnia magna Acute Toxicity Test 

To test toxicity, 24-h born Daphnia magna (D. Magna) were used 
as described in Standard Methods section 8711 A, B, C, D, E [30]. 
After preparing the test solution, experiments were carried out 
using 5 or 10 Daphnia magna introduced into the test vessels. The-
se vessels had 100 ml of effective volume at 7.00– 8.00 pH, pro-
viding a minimum DO concentration of 6 mg/l at an ambient tem-
perature of 20–25°C. Young Daphnia magna were used in the test 
(≤24 h old); 24–48 h exposure is generally accepted as standard for 

a Daphnia magna acute toxicity test. The results were expressed 
as mortality percentage of the Daphnia magna. Immobile animals 
were reported as dead Daphnia magna. 

3.5 Statistical Analysis 

Multiple regression analysis between y and x variables was per-
formed using the Excell in Windows. The linear correlation was 
assessed with R2. The significance of the correlations between data 
was determined using the ANOVA Test Statistics [31].

All experiments were carried out three times and the results given 
as the means of triplicate samplings. 

4. Results and Discussions
4.1. NPs Characteristics 

4.1.1. TEM Analysis Results

TEM images were recorded to examine the morphologies of Fe3O4 
NPs and Ag-Fe3O4 NPs and determine the particle sizes. TEM 
images are presented in Figure 4. As can be observed, Fe3O4 NPs 
(Figure 4a) and Ag-Fe3O4 NPs (Figure 4b) were almost semi-sphe-
rical in shape. The TEM image of Ag-Fe3O4 NPs appeared darker 
than that of Fe3O4 NPs. It is also shown that our method of NPs 
synthesis could not produce uniform particles in size. 

Figure 4: TEM images of (a) Fe3O4 NPs and (b) Ag-Fe3O4 NPs
The size of Fe3O4 NPs is dependent on various factors including 
synthesis conditions (e.g. oxygen-free environment) [32], pH of 
the synthesis medium [33], the ratio of base to iron (Fe) ions, and 
the length of the alkyl chain, respectively [34]. The mean diameter 
of particles in our study was 41 and 34 nm for Fe3O4 NPs and Ag-
Fe3O4 NPs, respectively. The reduced size of particles by adding 
decorating agents has been also observed in the study by Joshi et 
al. [26]. They used the same method of NPs synthesis as in our 
study and reported a reduced diameter from 26 to 20 nm after de-
corating Fe3O4 NPs with Ag. It seems that a decrease in the amount 
of iron-oxide precursor per unit volume of the preparation solution 
might be a reason for the reduced particle size in Ag-Fe3O4 NPs. 
However, there are reports in the literature [35] showing that the 
diameter of NPs increases when Ag shells decorated Fe3O4 cores. 
The procedure of NPs synthesis has a major contribution to the 
characteristics of the NCs including the particle size. The particle 
sizes measured in this study conform to the findings of Naqvi et 
al. [36] study, reporting the mean size of superparamagnetic iron 

oxide NPs as 30 nm, and the findings of Ebrahimi et al. [37] study, 
producing Ag-Fe3O4 NPs in the range of 23 to 54 nm. The latter 
study showed that the particle size is dependent on reducing agents 
used in the synthesis process. Santoyo Salazar et al. [38] condu-
cted a study on Fe3O4 NPs in the range of 10–40 nm and showed 
that NPs of smaller than 20 nm had poor Fe3O4 properties. 

4.1.2. XRD Analysis Results

The results of XRD analysis of asprepared NCs (Figure 5). The 
characterization peaks were observed at 2θ values of 30.12°, 
35.51°, 43.15°, 53.23°, 56.82°, and 62.34°, implying pure Fe3O4 in 
the Fe3O4 NPs structure. These values are in complete agreement 
with the values reported by Ebrahimi et al. [37] and attribute to 
the indices (220), (311), (400), (422), (511), and (440) for Fe3O4 
arises, respectively. The XRD patterns of Ag-Fe3O4 NPs showed 
the 2θ values of 38.11°, 44.32°, 64.24°, 77.61° and 81.57° cor-
responding to the (111), (200), (220), (311), and (222) planes of 
cubic Ag, respectively. 
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4.1.3. VSM Analysis Results

The Vibrating Sample Magnetometer (VSM) analysis was condu-
cted to determine the magnetic properties of NPs (Figure 6). Ty-
pical superparamagnetic behavior is observed for Fe3O4 NPs and 
Ag-Fe3O4 NPs due to the absence of any remanence or coercivity. 
The analysis showed the saturation magnetization (Ms) values of 
61 and 69 emu/g for Fe3O4 NPs and Ag-Fe3O4 NPs, respectively. 

Figure 5: The XRD pattern of Fe3O4 NPs and Ag NPs.

The increasing Ms. values in the nanocomposite might have been 
due to the interactions between the NPs that changed the anisotro-
pic energy. There are conflicting results in the literature regarding 
the VSM analysis of Fe3O4-Ag core-shell structures. Such as, Liu 
et al. [39], in line with our study, reported an increase in the Ms. 
values when Ag was doped on the surface of Fe3O4 NPs, while Li 
et al. [40] and Ghaseminezhad and Shojaosadati [21].

Figure 6: Magnetic hysteresis loops of Fe3O4 NPs (dashed line) and Ag-Fe3O4 NPs at 21oC.

4.2. Effect of pH on ibuprophene and oxytetracycline adsorp-
tion on Ag-Fe3O4 NPs  

The effect of pH on the adsorption of ibuprophene and oxytetra-
cycline on Ag-Fe3O4 NPs were studied within the pH ranges var-
ying between 2.0 and 9.0. The highest degree of adsorption was 
achieved at pH=7.0 (Table 1). 

The dependence of adsorption on pH is associated with the po-
int of zero charge (PZC) of the Ag-Fe3O4 NPs and the pKa of the 
ibuprophene. The PZC is 6.93 for Ag. The ibuprophene is a weak 
acid (pKa=5.2) and exists as a neutral species por pHpKa41. For 
pH > 8.0 ibuprophene is deprotonated and Ag surface becomes 

negatively charged, thus leading to an electrostatic repulsion whi-
ch reduces the adsorption efciency. For pH values greater than 
pKa but lower than PZC, electrostatic attraction between anionic 
ibuprophene and the positively charged surface of Ag NPs impro-
ves the adsorption capacity. However, the influence of initial pH 
of oxytetracycline adsorption on Ag-Fe3O4 NPs was different from 
the ibupprophene. When the pH was lower than 5.0, the adsorpti-
on rate increased with pH increasing. When pH was equal to 5.0, 
the adsorption rate reached the maximum. The maximum removal 
yields for ibuprophene and oxytetracycline were 99% with maxi-
mum adsorption yields of 2.03 mg/g and 3.04 mg/g for ibuprophe-
ne and oxytetracycine, respectively.  
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Table 1: Effect of pH on the adsorption yields of 5 mg/l ibuprophene and 5 mg/l oxytetracycline separately in the presence of 3 mg/l Ag-Fe3O4 NPs

pH Ibuprophene Oxytetracycline
Removal yields (%) Adsorption (mg/g) Removal yields (%) Adsorption (mg/g)

4 67 0.99 56 1.34
5 68 0.99 99 3.04
6 60 0.76 54 1.03
7 99 2.03 50 0.99
8 64 0.97 43 0.76
10 40 0.56 40 0.65

4.3. Effect of Ag-Fe3O4 NPs concentration on the adsorptions of 
ibuprophene and oxytetracycline

The Ag-Fe3O4 NPs concentrations were increased from 0.1 mg/l 
up to 6.0 mg/l (Table 2). The ibuprophene and oxytetracycline 
concentrations were choosen as 3 mg/l at constant concentration. 
The volume necessary of Ag-Fe3O4 NPs to reach the maximum 
adsorption effciency is 500 µl. From 900 µl, the percentage of 
adsorption decreases due to the high volume of adsorbent in the 
medium and it is not completely removed with the magnet. 93% 
maximum Ag-Fe3O4 NPs adsorption yield was measured at 45 min 
contact time, 7 mg in 500 µl of suspension, at 0.1 mg/l Ag-Fe3O4 
NPs concentration at 3.0 mg/l ibuprophene and at 3.0 mg/l oxytet-
racycline, respectively. 

4.4. Effect of Contact time on the adsorption of Ag-Fe3O4 NPs 
to ibuprophene and oxytetracycline

The contact time between Ag-Fe3O4 NPs and the solution con-
taining ibuprophene and oxytetracycline was studied from 1 to 
90 min in order to achieve the maximum adsorption efficiency, re-
ached at 45 min. From there, the percentage of adsorption remains 
constant until 90 min (Table 2).

The proposed method for the adsorption of ibuprophene and oxy-
tetracycline in waters was applied to real water samples partially 
contaminated with this chemical compound. The concentration of 
the pollutant in these samples was low or not detected, so they 
were doped with a known concentrations of ibuprophene (3.0 
mg/l) and oxytetracycline (3.0 mg/l) in order to check the viability 
of the proposed process. Adsorption efficiencies close to 93% were 
achieved in all cases, thus enabling the method as suitable for its 
application in real water samples (Table 2). 

Table 2: Effect of Ag-Fe3O4 NPs concentration on the adsorption of 3.0 mg/l ibuprophene and 3.0 mg/l oxytetracycline adsorptions
Ag-Fe3O4 NPs concentrations (mg/l) Ag-Fe3O4 NPs Adsorption (µl) Contact Time (min) Ag-Fe3O4 NPs Adsorption efficiencies (%)

0.1 500 45 93
0.5 531 43 92.7
1 580 30 91.2

1.5 612 27 90.9
2 654 24 88.6

2.5 720 10 86.5
3 735 47 83.4

3.5 756 52 71.5
4 783 65 69.8

4.5 800 77 63.4
5 841 81 55.3

5.5 876 88 51.7
6 900 90 48.9

4.5. Desorption and Recycling Studies of Ag-Fe3O4 NPs 

The desorption of the ibuprophene and oxytetracycline from the 
surface of the NPs, at 1 ml HNO3 solution, at pH=1.0 was used. 
For that value, interactions between adsorbent and adsorbate are 
weakened due to the effect of the ionic strength, as stated in the 
effect of pH on ibuprophene and oxytetracycline adsorption, thus 
favoring the desorption process. When the ibuprophene and oxy-
tetracycline adsorptions is carried out, after separation from the 
aqueous solution with the magnet, this solution is decanted. Then, 
1 ml HNO3 solution is added and the mixture is sonicated for 3 
min. After, the adsorbent is removed with the magnet and the acid 
solution is quantifed by HPLC, demonstrating that the ibuprophe-
ne and oxytetracycline total has been desorbed. Recycling studies 

were carried out showing that Ag-Fe3O4 NPs can be used during 
two additional successive adsorption cycles without losing adsorp-
tion capacity. In the fourth adsorption cycle, the capacity decreases 
down to 89.4%. 

4.6. Reuse of the Ag-Fe3O4 Nanocomposites (NCs)

The influence of Ag-Fe3O4 NCs recycling on the degradation rates 
after one, two and three recycles under UV irradiation were 86%, 
86% and 82%, respectively. And the degradation rates of one, two 
and three recycles under vis light irradiation were 54%, 53% and 
50%, respectively. The degradation rate declined slightly with the 
increasing number of cycles. So Fe3O4-Ag NCs was effective after 
three recycling times.
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4.7. Effect of Ag-Fe3O4 NPs Concentrations on the Acute Toxi-
city Removal Efficiencies in Pharmaceutical ww at Increasing 
Time and Increasing Temperature

4.7.1. Effect of Ag-Fe3O4 NPs Concentrations on the Microtox 
Acute Toxicity Removal Efficiencies in Pharmaceutical ww at 
Increasing Time and Increasing Temperature

The initial EC90 values at pH=7.0 was found as 600 mg/l at 25oC 
(Table 3; SET 1). After 60 min, 120 and 150 min, the EC90 values 
decreased to EC60=612 mg/l to EC30=429 mg/l and to EC10=350 
mg/l in Ag-Fe3O4 NPs=1 g/l at 30oC (Table 3; SET 3). The toxicity 
removal efficiencies were 33.33%, 66.67% and 88.89% after 60 
min, 120 and 150 min, respectively, in Ag-Fe3O4 NPs=1 g/l at 30oC 
(Table 3; SET 3). 

The EC90 values decreased to EC50, to EC20 and to EC5 after 60 
min, 120 and 150 min, respectively, in Ag-Fe3O4 NPs =1 g/l at 
60oC (Table 3; SET 3). The EC50, the EC20 and the EC5 values were 
measured as 607 mg/l, 482 and 357 mg/l, respectively, in Ag-Fe3O4 
NPs =1 g/l at 60oC. The toxicity removal efficiencies were 44.44%, 
77.78% and 94.44% after 60 min, 120 and 150 min, respectively, 
in Ag-Fe3O4 NPs=1 g/l at 60oC. 94.44% maximum Microtox acute 
toxicity yield was observed in Ag-Fe3O4 NPs=1 g/l after 150 min, 

at 60oC (Table 3; SET 3).

The EC90 values decreased to EC60=614 mg/l to EC35=498 and to 
EC15=354 mg/l after 60 min, 120 and 150 min, respectively, in Ag-
Fe3O4 NPs =0.5 g/l at 30oC (Table 3; SET 3). The EC90 values dec-
reased to EC65=603 mg/l to EC40=448 and to EC25=327 mg/l after 
60 min, 120 and 150 min, respectively, in Ag-Fe3O4 NPs=1.5 g/l at 
30oC. The toxicity removal efficiencies were 83.33% and 72.22% 
in 0.50 and 1.5 g/l Ag-Fe3O4 NPs, respectively, after 150 min at 
30oC. It was observed an inhibition effect of Ag-Fe3O4 NPs=1.5 
g/l to Vibrio Fischeri microorganisms after 150 min at 30oC (Table 
3; SET 3).

The EC90 values decreased to EC60=605 mg/l to EC30=494 and to 
EC10=454 mg/l after 60 min, 120 and 150 min, respectively, in Ag-
Fe3O4 NPs =0.5 g/l at 60oC (Table 3; SET 3). The EC90 values dec-
reased to EC60=696 mg/l to EC35=579 and to EC20=452 mg/l after 
60 min, 120 and 150 min, respectively, in Ag-Fe3O4 NPs =1.5 g/l at 
60oC. The toxicity removal efficiencies were 88.89% and 77.78% 
in 0.5 and 1.5 g/l Ag-Fe3O4 NPs, respectively, after 150 min, at 
60oC. It was observed an inhibition effect of Ag-Fe3O4 NPs=1.5 
g/l to Vibrio Fischeri microorganisms after 150 min at 60oC (Table 
3; SET 3).

Table 3: Effect of increasing Ag-Fe3O4 NPs concentrations on Microtox acute toxicity in Pharmaceutical ww at 30oC and at 60oC.

No Parameters

Microtox Acute Toxicity Values, * EC (mg/l)
25oC

0. min 60. min 120. min 150. min
*EC90

*EC *EC *EC
1 Raw ww, control 600 EC80=610 EC60=510 EC50=525

  
30oC 60oC

0 min 60. min 120 min 150. min 0 min 60. min 120. min 150. min
*EC90 *EC *EC *EC *EC90 *EC *EC *EC

2 Raw ww, control 600 EC70= EC50= EC40= 600 EC60= EC40= EC30=
610 590 680 680 610 410

3 Ag-Fe3O4 NPs=0.5 g/l 600 EC60= EC35= EC15= 600 EC60= EC30= EC10=
614 498 354 605 494 454

 Ag-Fe3O4 NPs=1 g/l 600 EC60= EC30= EC10= 600 EC50= EC20= EC5=
612 429 350 607 482 357

 Ag-Fe3O4 NPs=1.5 g/l 600 EC65= EC40= EC25= 600 EC60= EC35= EC20=
603 448 327 696 579 452

* EC values were calculated based on CODdis (mg/l). 

4.7.2. Effect of Ag-Fe3O4 NPs Concentrations on the Daphnia 
magna Acute Toxicity Removal Efficiencies in Pharmaceutical 
ww at Increasing Time and Increasing Temperature

As seen in Table 4; SET 1, the initial EC50 values were observed as 
618 mg/l at 25oC. After 60 min, 120 and 150 min, the EC50 valu-
es decreased to EC35=325 mg/l to EC20=170 mg/l and to EC10=70 
mg/l in Ag-Fe3O4 NPs=1 g/l at 30oC (Table 4; SET 3). The toxicity 
removal efficiencies were 30%, 60% and 80% after 60 min, 120 
and 150 min, respectively, in Ag-Fe3O4 NPs=1.00 g/l at 30oC (Tab-
le 4; SET 3). 

The EC50 values decreased to EC30=360 mg/l to EC15=140 mg/l 
and to EC5=39 mg/l after 60 min, 120 and 150 min, respectively, in 
Ag-Fe3O4 NPs=1 g/l at 60oC (Table 4; SET 3). The toxicity remo-
val efficiencies were 40%, 70% and 90% after 60 min, 120 and 150 

min, respectively, in Ag-Fe3O4 NPs=1 g/l at 60oC. 90% maximum 
Daphnia magna acute toxicity yield was observed in Ag-Fe3O4 
NPs=1 g/l after 150 min, at 60oC (Table 4; SET 3).

The EC50 values decreased to EC40=485 mg/l to EC25=370 and to 
EC15=190 mg/l after 60 min, 120 and 150 min, respectively, in Ag-
Fe3O4 NPs=0.5 g/l at 30oC (Table 4; SET 3). The EC50 values dec-
reased to EC45=330 mg/l to EC30=170 and to EC20=6.50 mg/l after 
60 min, 120 and 150 min, respectively, in Ag-Fe3O4 NPs=1.5 g/l 
at 30oC. The Daphnia magna acute toxicity yields were 70% and 
60% in 0.5 and 1.5 g/l Ag-Fe3O4 NPs, respectively, after 150 min, 
at 30oC. It was observed an inhibition effect of Ag-Fe3O4 NPs=1.5 
g/l to Daphnia magna after 150 min, at 30oC (Table 4; SET 3).

The EC50 values decreased to EC35=375 mg/l to EC20=23 and to 
EC10=135 mg/l after 60 min, 120 and 150 min, respectively, in 
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Ag-Fe3O4 NPs=0.5 g/l at 60oC (Table 4; SET 3). The EC50 values 
decreased to EC40=400 mg/l to EC25=125 and to EC15=33 mg/l af-
ter 60 min, 120 and 150 min, respectively, in Ag-Fe3O4 NPs=1.5 
g/l at 60oC. The Microtox acute toxicity yields were 80% and 70% 
in 0.5 and 1.5 g/l Ag-Fe3O4 NPs, respectively, after 150 min, at 
60oC. It was obtained an inhibition effect of Ag-Fe3O4 NPs=1.5 g/l 
to Daphnia magna after 150 min, at 60oC (Table 4; SET 3).

The maximum Daphnia magna acute toxicity removal was 90% 
at the Ag-Fe3O4 NPs concentration of 1 g/l at 60oC after 150 min 
(Table 4; SET 3). In this acute toxicity reduction the EC50 value 
of raw Pharmaceutical ww decreased to EC5=39 mg/l. Low acu-
te toxicity removals found at high Ag-Fe3O4 NPs concentrations 
could be attributed to their detrimental effect on the Daphnia mag-
na cells. High Ag-Fe3O4 NPs ( > 1.5 g/l) caused lysis in Daphnia 
magna cells. The high salt concentrations caused turgor in Dap-
hnia magna cells by increasing the osmotic pressure in the test 
medium.

A strong significant correlation between EC50 values and the remo-
val of microorganisms and organic compounds from Pharmaceu-
tical ww showed that the Daphnia magna acute toxicity test alone 
can be considered a reliable indicator of Pharmaceutical ww toxi-
city (R2=0.86, F=4.78, p=0.001). Similarly, a strong linear correla-

tion between threshold concentrations of Ag-Fe3O4 NPs decrease 
in inhibitions was observed (R2=0.87, F=16.72, p=0.001) while 
the correlation between the inhibition decrease and Ag-Fe3O4 NPs 
concentrations above the threshold values was weak and not signi-
ficant (R2=0.31, F=3.42, p=0.001).  

The toxicity of Pharmaceutical ww samples to the tested species 
prior and after Ag-Fe3O4 NPs concentrations. The raw Pharmaceu-
tical ww samples induced 95% motility inhibition to D. magna 
(Table 4; SET 3). This inhibition could be attributed to the mixed 
recalcitrant carcinogenic Pharmaceutical ww with high benzene 
rings and to the synergistic effects of the aforementioned more 
hydrophobic organic compounds with less hydrophobic organic 
compunds in Pharmaceutical ww. When D. magnas were expo-
sed to the effluent Pharmaceutical ww samples after Ag-Fe3O4 NPs 
concentrations of there was a significant reduction in inhibition 
(from 98.90% to 99.99%) for the acute toxicity after 150 min, at 
60oC (Table 4; SET 3).

Low acute toxicity removals found at high Ag-Fe3O4 NPs con-
centrations could be attributed to their detrimental effect on the D. 
magna cells. High Ag-Fe3O4 NPs caused lysis in D. magna cells. 
The high salt concentrations caused plasmolysis in D. magna cells 
by increasing the osmotic pressure in the test medium.

Table 4: Effect of increasing Ag-Fe3O4 NPs concentrations on Daphnia magna acute toxicity in Pharmaceutical ww at 30oC and at 60oC.

No Parameters

Daphnia magna Acute Toxicity Values, * EC (mg/l)
25oC

0. min 60. min 120. min 150. min
*EC50

*EC *EC *EC
1 Raw ww, control 618 EC45=425 EC40=325 EC35=182

  
30oC 60oC

0 min 60. min 120.  min 150. min 0.   min 60 min 120. min 150. min
*EC50 *EC *EC *EC *EC50 *EC *EC *EC

2 Raw ww, control 618 EC40= EC35= EC30= 618 EC40= EC30= EC25=
510 340 85 425 190 32

3 Ag-Fe3O4 NPs=0.5 g/l 618 EC40= EC25= EC15= 618 EC35= EC20= EC10=
485 370 190 375 23 135

 Ag-Fe3O4 NPs=1 g/l 618 EC35= EC20= EC10= 618 EC30= EC15= EC5=
325 170 70 360 140 39

 Ag-Fe3O4 NPs=1.5 g/l 618 EC45= EC30= EC20= 618 EC40= EC25= EC15=
330 170 6.5 400 125 33

* EC values were calculated based on COD (mg/l).
4.7.3. Direct Effects of Ag-Fe3O4 NPs Concentrations on the 
Acute Toxicity of Microtox and Daphnia magna in Pharma-
ceutical ww 

The acute toxicity test was performed in the samples containing 
0.5 g/l, 1 and 1.5 g/l Ag-Fe3O4 NPs concentrations. In order to 
detect the direct responses of Microtox and Daphnia magna to the 
increasing Ag-Fe3O4 NPs concentrations the toxicity test were per-
formed without Pharmaceutical ww. The initial EC values and the 
the EC50 values were measured in the samples containing increa-
sing Ag-Fe3O4 NPs concentrations after 150 min. Table 5 showed 
the responses of Microtox and Daphnia magna to increasing Ag-
Fe3O4 NPs concentrations.

The acute toxicity originating only from 0.5 g/l, 1 and 1.5 g/l Ag-

Fe3O4 NPs concentrations were found to be low (Table 5). 0.5 g/l 
Ag-Fe3O4 NPs did not exhibited toxicity to Vibrio Fischeri and 
Daphnia magna before and after 150 min. The toxicity atributed 
to the 1 g/l and 1.5 g/l Ag-Fe3O4 NPs concentrations were found 
to be low in the samples without Pharmaceutical ww for the test 
organisms mentioned above. The acute toxicity originated from 
the Ag-Fe3O4 NPs decreased significantly to EC1 and EC4 after 150 
min. Therefore it can be concluded that the toxicity originating 
from the Ag-Fe3O4 NPs is not significant and the real acute toxicity 
throughout the removal of microorganisms and organic compoun-
ds was attributed to the Pharmaceutical ww, to the microorganisms 
and organic compounds in Pharmaceutical ww ww, to their meta-
bolites and to the disruption by-products (Table 5).
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Table 5: The responses of Microtox and Daphnia magna acute toxicity tests in addition of increasing Ag-Fe3O4 NPs concentrations without Pharma-
ceutical ww ww after 150 min. 

Ag-Fe3O4 NPs 
Conc. (g/l)

Microtox Test Daphnia magna Test

Initial Acute Toxicity 
EC50 Value (mg/l)

Inhibitions after 
150 min EC  Values (mg/l) Initial Acute Toxicity 

EC50 Value (mg/l)
Inhibitions after 

150 min 
EC Values 

(mg/l)

0.5 EC10=25 - - EC10=30 - -
1 EC15=130 2 EC1=5.00 EC20=150 5 EC3=8.00

1.5 EC20=210 5 EC4=10.00 EC30=250 7 EC7=12.00

5. Conclusions
This present study, the proposes a novel simple method was app-
lied for the adsorption of ibuprophene and oxytetracycline in water 
using Ag-Fe3O4 NPs. The TEM image of Ag-Fe3O4 NPs appeared 
darker than Fe3O4 NPs. Our method of NPs synthesis could not 
produce uniform particles in size. The XRD patterns of Ag-Fe3O4 
NPs showed the 2θ values of 38.11°, 44.32°, 64.24°, 77.61° and 
81.57° corresponding to the (111), (200), (220), (311) and (222) 
planes of cubic Ag, respectively. The Ms values was 61 emu/g for 
Fe3O4 NPs and 69 emu/g for Ag-Fe3O4 NPs. The increasing Ms va-
lues in the nanocomposite might have been due to the interactions 
between the NPs changed the anisotropic energy.

99% maximum ibuprophene adsorption removal yield was obtai-
ned at 2.03 mg/g maximum ibuprophene adsorption concentration, 
at pH = 7.0 and at 21oC, respectively. 99% maximum oxytetracyc-
line adsorption removal yield was observed at 3.04 mg/g maximum 
oxytetracycine adsorption concentration, at pH = 5.0 and at 21oC, 
respectively. 93% maximum Ag-Fe3O4 NPs adsorption yield was 
measured at 45 min contact time, 7 mg in 500 µl of suspension, at 
0.1 mg/l Ag-Fe3O4 NPs concentration at 3.0 mg/l ibuprophene and 
at 3.0 mg/l oxytetracycline, respectively. The characterization of 
the adsorbent by means of microscopy, spectroscopy and calori-
metry techniques reveal the presence of Ag in Ag-Fe3O4 NPs and 
the adsorption of ibuprophene and oxytetracycline. The adsorption 
equilibrium is characterized by a Langmuir isotherm model.

94.44% maximum Microtox acute toxicity yield was observed in 
Ag-Fe3O4 NPs=1 g/l after 150 min, at 60oC. However, 90% maxi-
mum Daphnia magna acute toxicity yield was observed in Ag-
Fe3O4 NPs=1 g/l after 150 min, at 60oC. As a result, Microtox acute 
toxicity test yield is higher than Daphnia magna acute toxicity test 
for the removal of microorganisms and organic compounds from 
a Pharmaceutical ww using Ag-Fe3O4 NPs. Therefore, it can be 
concluded that the toxicity originating from the Ag-Fe3O4 NPs is 
not significant and the real acute toxicity throughout the removal 
of microorganisms and organic compounds was attributed to the 
Pharmaceutical ww, to the microorganisms and organic compoun-
ds in Pharmaceutical ww ww, to their metabolites and to the dis-
ruption by-products. Finaly, the removal of microorganisms and 
organic compounds from a Pharmaceutical ww using Ag-Fe3O4 
NPs and the evaluation of Microtox and Daphnia Magna acute 
toxicity assays for these conditions was successfully implemented.
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