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a b s t r a c t
Considerable volumes of ultrapure water and chemicals are necessary during photovoltaic cells 
manufacturing, consequently a large amount of wastewater needs to be treated. The present study 
investigates the activated alumina for fluoride and nitrate ions contaminate adsorptions. Analyses 
of experimental data were done in order to understand the adsorption phenomena in which pollut-
ants forms intermediates molecules by reacting onto the adsorbent surface, that intermediates reac-
tion can be expressed by Langmuir and Freundlich’s adsorption isotherms models. While both ions 
were found to be adsorbed following the Langmuir model, the nitrates’ elimination was found to be 
more so consistent with the Freundlich model. A significant nitrate ions removal percentage (near 
to 67%), and an adsorption capacity more than 1.8 mg/g were attained; while for the fluoride ions 
removal an additional treatment is necessary since a lower removal percentage was obtained with 
an adsorption capacity of 0.2 mg/g, and using a longer treatment time; also the concentration of flu-
oride ions in the treated solutions are higher than that recommended by World Health Organization. 
These results can be used to improve the pollutants removal recoveries at continuous mode and at 
a large scale. When one considers an additional suitable treatment, the obtained treated ultrapure 
water can be envisaged to be recycled into the process. Furthermore, from a techno-economic point 
of view, the cost of the photovoltaic cells production should decrease considerably, since ultra-
pure water is expensive and its consumption is high in this industry.
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1. Introduction

The last two decades have witnessed an exponentially 
growing interest in renewable energy production sys-
tems, and the Intergovernmental Panel on Climate Change 
(IPCC) in Switzerland in 2023 is but one example among 
many undertaken actions that express the importance of 
developing a suitable industry based on green energy [1].

Photovoltaic (PV) energy conversion system industry is 
a leader in this regard, albeit not totally green, and a vig-
ilant consideration of potential environmental risks linked 
to PV manufacturing remain necessary [2]. Indeed, in semi-
conductor and PV manufacturing plants, a large quantity 
of hydrofluoric acid (HF) is currently used for wafer etch-
ing and quartz-cleaning operations. It has been found that 
acid fluoride-containing wastewater contributes to 40% 
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of hazardous waste produced from that manufacturer. 
Fluoride concentrations, up to 3,500 mg/L, are found in this 
type of wastewater considerable volumes of water, ultra-
pure water (UPW) and chemicals are necessary during PV 
cells manufacturing [3–7], that eventually find their way as 
contaminated wastewaters. These must then comply with 
the norms and proper regulations in order to maintain a 
friendly environment and good public health. The dominant 
pollutants in these effluents are F– and NO3

– ions, derived 
from an extensive use of HF and nitric acid (HNO3) during 
the silicon wafers production step.

The release of such discharges into the environment 
represents an important warning [8–15]. F– ions in accept-
able concentrations in drinking water is vital for human 
health, especially for children below 8 y old. However, 
beyond a threshold, it usually produces adverse effects on 
body metabolism and leads to dental and skeletal fluorosis, 
lesions of endocrine glands, thyroid and liver [12,16–20]. 
Due to its high toxicity, industrial wastewater containing 
F– ions is severely controlled. The current discharge stan-
dards for wastewater containing F– ions vary according to 
different countries; Algeria and Taiwan recommend 15 mg/L.

The second most common pollutant is the NO3
– ion 

which also exhibit harmful effects on human health (Methae-
moglobinaemia and other diseases) [21–23], as well as on 
the ecosystem (eutrophication phenomena). Besides infant 
mortality, high concentrations of NO3

– in wastewater and 
drinking water were correlated with stomach cancer, central 
nervous system defect, birth defects and hypertension [19,24].

Several recent studies reported that activated alumina 
(AA) can be used as adsorbent to remove F–, NO3

–, and 
other pollutant ions from wastewaters [25–27]. Since the 
wastewaters and the contaminated UPW resulted from PV 
industry contains F– and NO3

– ions at high concentrations 
[7,10,22,28], the direct discharge of such solutions may 
represent a huge threat for the environment.

Real wastewaters from the Semiconductor Research 
Center for Energy (Algiers, Algeria) were formed during 
the etching of silicon wafers with a mixture of hydrofluoric 
acid, nitric acid and acetic acid, followed by several rinsing 
operations with ultrapure water, until the neutrality of the 
rinsing water was reached [28]. Most commonly, fluoride 
ions are removed by forming calcium fluoride (CaF2) after 
adding lime. Neutralization can be described according 
to the following reaction:

Ca OH HF CaF H O2� � � � �
2 22 2  (I)

It has been found that the wastewater treated accord-
ing to the precipitation process still contains high concen-
tration of dissolved fluoride. Usually, the concentration of 
fluoride in the treated wastewater can reach 20–100 mg/L. 
Consequently, another decontamination process must be 
performed after calcium precipitation to remove residual 
fluoride, typically the concentrations of nitrate and fluo-
ride anions were of 88.2 and 40.6 mg/L, respectively [7,28]. 
As F– and NO3

– ions originated from two sources; expended 
acids baths and waste rinse ultrapure water, in this study 
30 mg/L for fluoride and 50 mg/L for nitrates as initial con-
centrations were used in order to simulate the three last rins-
ing steps using exclusively ultrapure water, consequently 

the pollutants initial concentrations of both pollutants 
are less than that mentioned above. For the adsorption 
phenomena study, Langmuir and Freundlich isotherms 
approximation were applied to understand the adsorp-
tion mechanism of pollutants, which are the most applied 
approximation for the initial adsorption study and defin-
ing the best adsorption models because of their simplicity 
and ability to quantify the distribution of functional sites of 
adsorbent. Langmuir-type adsorption is a monolayer (sur-
face) adsorption, which implies that a large surface area will 
result in a higher adsorption capacity; and Freundlich-type 
adsorption is considered a multilayer adsorption process.

In this study we wish to report herein our contribu-
tion to the solution of the wastewaters from the PV factory 
problem, through the use of AA as adsorbent. Indeed, we 
found that the polluting F– and NO3

– ions could be removed 
efficiently from mimicked PV manufacturing waste-
waters through adsorption on AA.

2. Materials and methods

2.1. Materials

Prepared solutions mimicking the PV cells rinsing waste-
waters were used for the study of the experimental parame-
ters that affect the performances of the fluoride and nitrate 
ions removal by adsorption on AA. For the adsorption pro-
cedure, tests were performed in 1 L beakers. Stirring was car-
ried out using a Jar Test Apparatus (DAIHAN SCIENTIFIC 
WISE STIR JTM6C, South Korea). The AA was purchased 
from MERCK (USA), with surface area of 250 m2/g and 
a granulometry varying from 0.063 to 0.200 mm. NaNO3 
and NaF were analytical grade and were purchased from 
Biochem Chemopharma (Montreal, Quebec) and Sigma-
Aldrich (USA), respectively. For the samples analysis, an 
ionometer (HANNA HI 4222, USA), and a specific electrode 
for each ion (nitrate half-cell electrode: HI 4013, and fluoride 
combined electrode: 9655C) were used.

2.2. Methods

The batch tests were carried out at ambient temperature 
(20°C–25°C) using synthetic solutions prepared by dissolv-
ing separately NaNO3 and NaF in deionized water. For the 
adsorption experimental tests, in which a desired amount of 
the adsorbent was mixed with the above-prepared solution 
at a fixed pH (that was adjusted by adding few drops of an 
acid or basic solutions at 0.1 N), samples were taken peri-
odically from an on-going stirring and analyzed by poten-
tiometry using an ionometer (HANNA HI 4222), a specific 
electrode for nitrate ion (nitrate half-cell electrode: HI 4013) 
and interfering suppressant ionic strength adjuster (ISISA) 
solution, whenever nitrate ions analysis was involved. The 
residual fluoride concentration in each sample was deter-
mined using the ion selective electrode (fluoride com-
bined electrode: 9655C) and total ionic strength adjustment 
buffer (TISAB) solution.

2.2.1. Adsorption isotherms

Adsorption isotherms describe the equilibrium relation-
ships between adsorbent and adsorbate. Two adsorption 
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isotherms (1) and (2) were used to fit the equilibrium data 
namely, Langmuir and Freundlich. Their applicability was 
validated through the correlation coefficients (R2).

The Langmuir equation can be linearized by Eq. (1):

1 1 1 1
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where Ce represents the equilibrium concentration in liq-
uid phase, mg/L, Qm represents the monolayer adsorption 
capacity, mg/g, Kl the Langmuir constant related to the 
free adsorption energy, L/mg.

The Freundlich equation can be linearized by Eq. (2):

ln ln lnQ K
n

Ce f e� �
�

�
�

�

�
�

1  (2)

where Kf represents the Freundlich constant indicative of 
the adsorption capacity of the adsorbent, mg/g, 1/n indicates 
the intensity of the adsorption.

3. Results and discussion

The linear plot of Langmuir isotherm for F– ions adsorp-
tion shows that, the model correlated well with experi-
mental data with a regression coefficient R2 value of 0.974, 
as well for the linear plot of Freundlich isotherm with an 
R2 value of 0.938.

From the experimental data, it can be concluded that 
the F– ions adsorption mechanism onto AA can be deter-
mined using Langmuir and Freundlich’s adsorption iso-
therm equation. Both isotherms show well-fitted experi-
mental data with coefficients of determination of R2 > 0.9, 
suggesting that both approximations are suitable for 
describing the adsorption mechanism. Langmuir equa-
tion provided an excellent mathematical approximation to 
describe the adsorption equilibrium, where the plot fitted 
the experimental data with R2 = 0.974, which suggested 
the monolayer adsorption, while Freundlich plot has a 
lower regression coefficient of 0.938. However, the intrin-
sic parameters of Langmuir isotherm have negative values 
(Table 1) of Kl and Qm; that negative values are possibly 
due to an ineffective functional site at the adsorbent sur-
face to bind F– ions using a high value of adsorbent mass. 
Consequently, adsorption reaches the saturation point; 
therefore adsorption is suitable for the heterogeneous 
sites with non-uniform distribution of energy level. These 
present results are in accordance with that mentioned by 
similar studies [29,30] from other references.

The linear plot of Langmuir isotherm for NO3
– ions 

adsorption onto AA and the calculated parameters along 
with regression coefficient R2 value approaching to one 

(R2 > 0.9), clearly suggest that Langmuir isotherm follows 
a good relation of NO3

– ions adsorption onto AA. The lin-
ear plot of Freundlich equation for NO3

– ions adsorption 
has also an R2 value approaching to one, evidently advice 
that Freundlich isotherm model fit well with the NO3

– ions 
adsorption onto AA. From the intrinsic parameters it can be 
concluded that both models can be representative of the NO3

– 
ions adsorption since there is a good mathematical approx-
imations for both cases with R2 values approaching to one, 
while Freundlich equation is more suitable to describe the 
adsorption mechanism, where the linearized plot gives pos-
itive values of Kf and n (Table 2), although the Freundlich 
isotherm model was found best fitting with the experimen-
tal data as its expresses higher R2 value (0.992 > 0.957); also 
the calculated values of ‘n’ that shows the intensity between 
adsorbate and adsorbent, prove that the adsorption of 
nitrate ions onto AA is favorable as its value is higher than 1.

Maximum adsorption capacity (Qm) for complete mono-
layer coverage was found to be 5.790 mg/g for the nitrate 
ions adsorption onto AA, interestingly enough, consider-
ation of Qm values strongly suggest that the nitrate ions are 
more favorable toward adsorption than the fluoride ions, 
(5.790 mg/g for nitrates vs. –1.368 mg/g for fluorides), in 
which the maximum adsorption capacity is negative.

From a review paper [29] that some research found 
that F– ions adsorption can be expressed by Langmuir iso-
therm model and others find that F– ions adsorption can be 
expressed by Freundlich isotherm model, this difference 
might be due to the AA having different characteristics and 
the different conditions in which experiments were done.

3.1. Effect of the (initial concentration/adsorbent quantity) ratio

The effects of the R ratio (the initial concentration of 
the pollutants (mg/L)/adsorbent quantity (g/L)), that is a 
mass ratio expressed by (mg/g), on the F– ions removal were 
studied at a neutral pH. The results are given in Fig. 1. The 
tests confirmed that fluoride ions elimination depends on 
AA quantity.

Fig. 1 shows the results obtained for the R ratio val-
ues of 2 mg/g and less for an initial fluoride concentration 
of 30 mg/L at the contact time of 30 min. Similarly to other 
research studies [26,31], by decreasing the R value that corre-
spond to the increase of AA quantity, the adsorption capac-
ity decrease, it seems that an equilibrium is reached from 
10 min, in which no further removal at the AA dosage corre-
sponding of an R ratio value less than 2 mg/g occurred, that is 
possibly due to that more active sites of adsorbent remained 
unsaturated during the fluoride adsorption process.

The effects of the initial concentration/adsorbent quan-
tity ratio (R) on the NO3

– ions removal at a neutral pH are 
shown in Fig. 2. The tests confirmed that their elimination 
depends strongly on the AA quantity.

Table 1
Langmuir’s parameters

Ions Qm (mg/g) Kl (L/mg) R2

Fluoride –1.368 –0.612 0.974
Nitrate 5.790 0.007 0.957

Table 2
Freundlich’s parameters

Ions Kf (mg/g) n R2

Fluoride 1.965 0.691 0.939
Nitrate 0.183 1.899 0.992
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Fig. 2 shows the results obtained for the R ratio values 
of 2 mg/g and less for an initial nitrate concentration of 
30 mg/L at the contact time of 30 min. By decreasing the R 
value that corresponds to the increase of the adsorbent quan-
tity, the adsorption capacity decrease. These results are in the 
same trend to that of other research works [26,31], in which 
it seems that an equilibrium is reached from 5 min, no fur-
ther removal at the AA dosage corresponding of an R ratio 
value less than 2 mg/g is possible, that is probably due to 
that more active sites of adsorbent persisted unsaturated 
during the reaction of the nitrate adsorption.

3.2. Effect of the initial pH

The pH is a controlling factor for any kind of pollutants 
adsorption processes from an aqueous solution. The surface 
properties of adsorbents, the ionic state of functional groups 
and the pollutants species all depend on pH. In this present 
experiment tests, the desired pH values were obtained by 
adding few drops of acid or basic HCl or NaOH solutions 
at 0.1 N to the initial solution. The initial fluoride ions con-
centration of 30 mg/L and an AA amount of 30 g/500 mL 
were used. The results are presented in Fig. 3, indicating that 

removal was best using a basic medium corresponding an 
initial pH value of 12.

It seems that the presence of the OH– ions increase the 
fixation of the F– ions on the adsorbent surface. One possi-
ble explanation is the fact that in general, ions with smaller 
intrinsic crystal radius have higher hydration numbers. 
Since the crystal ionic radius of F– is 0.116 nm and is smaller 
than 0.152 nm, that of the OH– ion; there is more electric 
charge diffusion for the ion with larger crystal ionic radius, 
[19,20,23]. Since F– ions is less charged than OH– ions, and 
the adsorbent surface is possibly charged negatively, then the 
repulsions phenomena between the F– ions and the adsor-
bent surface will be less than in the case of the OH– ions and 
the AA surface, this might be favorable for the fluoride ions 
to be fixed on the adsorbent surface.

The effect of the pH on the nitrates ion adsorption on 
AA was studied using various pH values comprised in the 
interval from 3 to 10. The desired pH values were obtained 
by adding few drops of solutions of H2SO4 or NaOH at 
0.1 N. An initial nitrate concentration of 50 mg/L and an AA 
amount of 30 g/500 mL were used. Results are presented  
in Fig. 4.

The removal efficiency decreased while in basic medium. 
Such may be due to a possible removal competition between 
the hydroxide ions (OH–) and the nitrate ions (NO3

–), which 
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can be interpreted by the repulsion phenomena between 
the nitrate ions and the AA surface that might be negatively 
charged in the basic medium. Indeed, one can deduce that 
the nitrate removal rate at basic pH was the lowest, and the 
acid and neutral one were in the same order. The results are 
in accordance with others research works [26], in which a 
best removal percentage was obtained for a slightly acidic 
medium with a pH value near to 6, also there is no significant 
removal percentage increase after 10 min of treatment time, 
then this time can be applied in this treatment under these 
experimental conditions.

These results are interesting enough, which correspond 
to all tests at batch mode, that guide and give us an idea 
of the expected results range for an application, in which a 
study at a continuous mode is necessary and after a results 
optimization, tests at pilot scale should be done in order to 
envisage an industrial application; particularly when a suit-
able additional treatment is considered in the case of F– ions 
elimination, and after achieving higher removal percent-
age, the treated UPW can be recycled into the process, this 
reaching the zero discharge concept.

A synthesis of the various tested conditions led us 
to define the suggested conditions for the removal of 
both ions. Those are reported in Table 3, along with some 
recommendations.

4. Conclusions, recommendations and future perspectives

The obtained results from this research work, hence 
suggesting an interesting alternative to the current process 
which is more expensive and is not fully environmentally 
friendly, indeed this study allowed understanding how the 
F– and NO3

– ions, that are the main pollutants in the solar 
cells rinsing wastewater, can be removed by adsorption 
process using AA as adsorbent.

Significant F– ions removals (near to 40%) were obtained 
after 40 min of treatment period for an initial concentration 
of 30 mg/L in a basic medium, in which a suitable additional 
treatment is recommended for increasing the removal per-
centage. In the case of the NO3

– ions removal, using a slightly 
acid medium, a higher percentage removal was obtained that 
was near to 70% after 10 min only, for an initial concentra-
tion of 50 mg/L; remaining pollutant concentration in the 
treated solutions were found to be way below the amount 
recommended by the World Health Organization (WHO).

For future investigations, a study for certain experimen-
tal parameters, such as variation of initial concentration of 
both ions, lower addition of adsorbent mass corresponding 
of different values or R ratio at a slightly acid medium for 

NO3
– removal, and at a basic medium of pH ≥ 12 for F– ions 

removal, and the influence of the presence of the co-pollut-
ants ions should be done; also other isotherm approxima-
tions should be applied for understanding the adsorption 
mechanisms by studying these different parameters. The 
obtained results can be considered to further optimize both 
pollutants removal recovery process at batch mode, con-
tinuous mode, and tests at pilot scale should be done in 
order to envisage an industrial application.

From a techno-economic point of view, in fact the recy-
cling the treated ultrapure water in the process will decrease 
considerably the price of the photovoltaic cells manufac-
turing, since the UPW cost is expensive and its consum-
mation in this industry as well as for the semiconductor 
industry is very high.
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