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Ammonia nitrogen is one of the important pollutants in urban rainfall. Though
iron ions and aluminum ions as a filler for plant retention system have a good ef-
fect on the removal of ammonia nitrogen, their adsorption characteristics was
rarely studied. This paper uses different media (sand, iron powder, aluminum
powder) with different pH values and ionic strengths in the bioretention system to
study the adsorption mechanism of ammonia nitrogen in an artificial rainwater.
The result shows that Langmuir isothermal adsorption model is more in line with
the ammonia nitrogen adsorption process, and the sand has the best adsorption
capacity among three samples. Effect of pH values on adsorption kinetics is also
studied.
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Introduction

Bioretention systems are a promising rainwater management to control water quality
[1], and wildly used to treat rainwater on permeable and impervious surfaces in urban areas
[2]. Plants, soils and microbial system are used in a bioretention system, which can be applied
to various terrains and soil conditions for storage and purification of runoff rainwater by re-
moving phosphorus, suspended solids, chemical oxygen demand and heavy metals [3, 4], and
it is not affected by temperature.

The bioretentions system, also known as landscape depressions, is composed of ag-
uifers, vegetation, animal aquifers, overflow structures and optional drainage systems [5]. Ab-
sorption and denitrification of plants can remove nitrogen from rainwater before it is dis-
charged to the ground or surface water [6]. In the course of human activities, ammonia nitro-
gen pollution is serious, which leads to reduce of dissolved oxygen, deterioration of water
quality, excessive reproduction of algae and microorganisms, and even eutrophication of wa-
ter bodies [7]. According to research, the removal rate of ammonia nitrogen by traditional bio-
retention systems is as high as 74% [8], which is due to the digestion and adsorption process
of ammonia nitrogen in the medium layer. Adsorption is a reliable and effective removal
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method. Due to its low energy consumption and simple operation, it is widely used in engi-
neering [9]. This paper studies the adsorption characteristics of soil layer medium to ammonia
nitrogen and its influencing factors.

Materials and methods

Experimental materials

In this experiment, experimental soil was obtained on the bank of the Yellow River
at the Shenquan Ecological Tourism Base in Hohhot, China. The sand in this area has not
been contaminated, and the debris and residual roots are removed, and the samples are natu-
rally dried and brought back to the laboratory. Sand will be ready for use after being screened
by 1 mm. According to the international sand texture, gravel (1-0.05 mm) accounts for 90%,
powder (0.05-0.01 mm) accounts for 2%, and clay (< 0.01 mm) accounts for 8%. Iron powder
and aluminum powder were purchased from Keyu Experimental Instrument Distribution Of-
fice, Xincheng District, Hohhot. The iron powder and aluminum powder with analytically
pure (> 99%) were produced by Changsha Shengyang Chemical Materials Co., Ltd. and
Shanghai Deyude Trading Co., Ltd.

Experimental method

Adsorption isotherm experiment

Ammonium chloride was used to prepare ammonium chloride solutions with differ-
ent initial concentrations (0, 10, 20, 30, 40, 50, 60, 70 mg/L). Each solution of 100 mL was
placed in a 250 mL Erlenmeyer flask. Put 2 g of sand (iron powder and aluminum powder) in-
to a conical flask and shake it in a constant temperature (25 °C) shaking box for 24 hours. The
sample was then centrifuged at 3000 rpm for 10 minutes. The resulting supernatant was fil-
tered through filter paper with a pore size of 0.45 um. The concentration of nitrogen in the so-
lution was determined by Nessler's reagent spectrophotometry.

Effect of pH values on adsorption

Put 2 g of, respectively, sand, iron powder, and aluminum powder into a 250 ml Er-
lenmeyer flask, and add the initial concentration that has the best ammonia nitrogen adsorp-
tion concentration. Adjust the pH to 3~9 with 0.1 mol/L HCI and 0.1 mol/L NaOH, respec-
tively. After continuous shaking in a constant temperature shaking box at 25 °C for 24 hours,
the filter was allowed to stand, centrifuged for 10 minutes, and the supernatant was filtered
through filter paper with a pore size of 0.45 um. The concentration of ammonia nitrogen in
the solution was determined by Nessler's reagent spectrophotometry.

Effect of ionic strengths on adsorption

Weigh 2 g medium (sand, iron powder, aluminum powder) into a 250 mL Erlen-
meyer flask and add the initial concentration with the best ammonia nitrogen adsorption con-
centration. Add NaCl prepared ion concentration 1, 5, 20, 50, and 100 mmol/L solution, re-
spectively. Shake at 25 °C for 24 hours to reach adsorption equilibrium, centrifuge it for
10 minutes, take the supernatant and filter through filter paper with pore size of 0.45 um. The
concentration of ammonia nitrogen in the solution was determined by Nessler's reagent spec-
trophotometry.
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Kinetic adsorption experiment

Weigh 2 g sand, iron shavings, aluminum powder into a 100 mL Erlenmeyer flask,
add the initial concentration of ammonia nitrogen adsorption concentration is the best. Shake
at a constant temperature of 25 °C, take samples each hour, and centrifuge samples at
3000 rpm for 10 minutes. The resulting supernatant was filtered through filter paper with a
pore size of 0.45 um. According to the change of ammonia nitrogen concentration, the
amount of ammonia nitrogen adsorption by the medium is calculated, and the dynamic ad-
sorption curve of ammonia nitrogen by the medium is drawn. The amount of adsorption is
calculated:

g = M (1)
m
where g: [mgg ] is the amount of ammonia nitrogen adsorption at time t, Co [mgL ] — the
initial concentration of ammonia nitrogen, C; [mgL '] — the concentration of ammonia nitro-
gen in the supernatant at time t, V [L] — the solution volume, and m [g] — the mass of the me-
dium.

Results and discussion

Adsorption isotherm of medium
to ammonia nitrogen

The linear equation of Langmuir isotherm adsorption is shown in eq. (2)
1 1 1
_ = +
qe kqmaxCe qmax

where Ce [mgL] is the concentration of ammonia nitrogen in the solution for the adsorption
equilibrium of each medium, ge [mgg ] — the adsorption amount of each medium for the ad-
sorption of ammonia nitrogen equilibrium, gmax [Mgg ] — the single layer adsorption when
the equilibrium reaches maximum adsorption capacity, and k [Lmg] — the adsorption equi-
librium constant.

The results of isothermal adsorption of ammonia nitrogen by various media are
shown in figs. 1 and 2. The fitting results of Langmuir equation are shown in tab. 1. The larg-
er the value of k, the more stable the binding between adsorbent and adsorbate [10], and the
stronger the adsorption capacity. From the k value, it can be seen that the relationship of the
single-layer adsorption capacity of the three media is sand > aluminum powder > iron pow-
der. Because the specific surface area of sand is larger, it provides an additional adsorption
point for ammonia nitrogen and increases the adsorption capacity of ammonia nitrogen [11].
Iron powder and aluminium powder have a strong adsorption capacity for ammonia nitrogen,
but the data show that the adsorption capacity of aluminium powder is higher than that of iron
powder:

— when R. =0, the ammonia nitrogen adsorption is considered impossible,

— when 0 < R_ < 1, the ammonia nitrogen adsorption process is feasible [12],
— when R. = 1, the ammonia nitrogen adsorption process is linear, and

— R > 1is not conductive to the adsorption of ammonia nitrogen.

The factor-free adsorption strength, R, of the three media is 0 < R_ < 1, indicating
that the Langmuir isotherm adsorption process of ammonia nitrogen in the three media is fea-
sible.

)
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As shown in fig. 1, as the initial concentration increases, the adsorption of ammonia
nitrogen by the three media also increases. It may be that the higher solution concentration
makes the concentration difference between the solution body and the liquid film on the outer
surface of the media become larger, thereby increasing the mobility of ammonia nitrogen on
the surface of the medium [11]. As shown in fig. 2, the adsorption rate of ammonia nitrogen
by the three media showed an increasing trend in the early stage of adsorption. When the ini-
tial concentration reached 20~70 mg/L, the adsorption rate of aluminum powder and iron
powder for ammonia nitrogen decreased first and then increased. When the ion concentration
of sand is 30~70 mg/L, the adsorption rate of ammonia nitrogen first decreases sharply with
the increase of ion concentration, and it continues to increase when it reaches a certain con-
centration. Therefore, the optimal initial concentration conditions for sand, Iron powder and
aluminum powder are 30, 20, and 70 mg/L, respectively, and the maximum adsorption rates
are 82%, 66%, and 75%, respectively.
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Figure 1. Isothermal adsorption capacity
of different media

Figure 2. Isothermal adsorption rate
of different media

Table 1. Langmuir isotherm adsorption parameters of ammonia nitrogen adsorption in different media

Media Qmax [mgg™] | k[mgL?] RL Equation R?
Sand 0.6918 90.3418 | O<RL<1 y =-0.016x + 1.4455 0.9077
Iron powder 0.3726 80.6066 O<RL<1 y =-0.0333x + 2.6842 0.9491
Aluminum powder 0.5850 89.9684 0<RL<1 y =-0.019x + 1.7094 0.9622

Freundlich isotherm adsorption model
The linear equation of Freundlich isotherm adsorption is:

Inqe=Ian+%InCe (3
where K and n are constants, C. [mgL ] is the concentration of ammonia nitrogen in the so-
lution when the adsorption equilibrium of each medium, and g. [mgg] - the adsorption
amount of each medium when the adsorption of ammonia nitrogen equilibrium.

The adsorption results of the isothermal adsorption of ammonia nitrogen by the three
media. The simulation results of Freundlich isotherm adsorption equation are shown in tab. 2.
The K is related to the affinity of the adsorbent [10]. The larger the K, the better the adsorp-
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tion capacity of the adsorbent to the medium. The Ky values of the three media are sand
(0.2698 mg/L), iron powder (0.0753 mg/L), and aluminum powder (0.1963 mg/L). The value
of n is between 1 and 10, which is conducive to the ammonia nitrogen adsorption process.
The n values of sand, iron powder, and aluminum powder are 1.3026, 1.3827, and 1.3870 re-
spectively, so the three media have a good adsorption effect on ammonia nitrogen. The order
of adsorption capacity from high to low is sand > aluminum powder > iron powder, which is
consistent with the results of Langmuir model.

Table 2. Freundlich isotherm adsorption parameters for ammonia nitrogen adsorption in
different media

Media Kr [mgL1] n Equation R?
Sand 0.2698 1.3026 y=0.7677x-1.31 0.9064
Iron powder 0.0753 1.3837 y =0.7227x — 2.5867 0.9397
Aluminum powder 0.1963 1.3870 y=0.721x — 1.6283 0.9484

It can be seen from tabs. 1 and 2 that the adsorption effect of sand on ammonia ni-
trogen is the best, so sand can be used as the adsorption material of ammonia nitrogen. Com-
paring the correlation coefficient, R?, of the Langmuir and Freundlich isotherm adsorption
models, it can be seen that the adsorption process of ammonia nitrogen by the three media is
more in line with the Langmuir isotherm adsorption model, and the single-layer adsorption is
mainly used [13].

Effect of pH values on adsorption

The pH value is an important factor affecting the effect of the adsorbent [14]. Not
only will it affect the functional groups, charges and active sites on the surface of the adsor-
bent, but also the degree of ionization of the ad-
sorbate [15]. The results of ammonia adsorption 25
of three media with pH values in the range of 3-
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is 2.08 mg/g. This is because when the pH val-

ue is low, H* and NH,* in the solution are com-  Figure 3. Ammonia nitrogen adsorption
petitively adsorbed, and the active site of the CaPacity of three media at different pH values
sand is occupied by H*, resulting in a decrease in the amount of ammonia nitrogen adsorption.
And the pH value will directly affect the positive and negative charge of the surface of colloi-
dal particles [16]. With the increase of pH value, the surface of the sand has more negative
charges, and the ammonia nitrogen has a positive charge, which is conducive to the adsorp-
tion of ammonia nitrogen on the sand. When the pH value is 3~5, the adsorption capacity of
aluminum powder for ammonia nitrogen gradually increases. In the range of pH = 5~9, the
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adsorption capacity of aluminum powder for ammonia nitrogen gradually decreases. At pH =
5, the adsorption capacity of aluminum powder to ammonia nitrogen reaches the maximum
value, which is 1.576 mg/g. This is because as the pH increases, the aluminum powder hydro-
lyzes in solution, precipitating mainly in the form of AI(OH) [17], resulting in a reduction in
the specific surface area of the aluminum powder, which reduces the adsorption of ammonia
nitrogen. In the range of pH = 3~6, the adsorption capacity of iron powder for ammonia nitro-
gen increases with the increase of pH. When the pH is in the range of 6~9, the adsorption ca-
pacity of iron powder for ammonia nitrogen decreases. At pH = 6, the adsorption of iron
powder to ammonia nitrogen reached the maximum, which was 0.959 mg/g. The main reason
is that under acidic environment, it can effectively suppress the deposition of deposits on the
surface of iron powder, so that the active sites on the surface of iron powder can be fully ex-
posed, which promotes the adsorption effect of ammonia nitrogen. Sand, iron powder, and
aluminum powder have the best adsorption capacity when the pH is 6, 6, and 5, respectively.
At pH = 3, the three media have the lowest adsorption capacity for ammonia nitrogen.

Effect of ionic strengths on adsorption

The ammonia nitrogen adsorption capacity of the three media under different ionic
strengths is shown in fig. 4. When the ionic strength is 1-20 mmol/L, the ammonia nitrogen ad-
sorption of sand and iron powder is proportional to the ion concentration and increases with the
increase of ion concentration. When the ion
concentration is 20-100 mmol/L, the amount of
/ ammonia nitrogen adsorption of soil and iron
poosad T~ powder decreases with the increase of ion con-
/ centration. However, when the sand concentra-
|~ Aluminum powder tion is 20 mmol/L, the adsorption capacity of
ammonia and nitrogen for sand and iron powder
reaches the maximum, which is 2.06 mg/g and
0.936 mg/g, respectively. Studies have shown
that when there is electrostatic attraction be-
0 tween the adsorbent and the adsorbate, increas-
0 10 20 30 40 Slgmiost;?] 310[.520189]110 ing the ionic strength is detrimental to adsorp-
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Figure 4. The adsorption capacity of three tween the adsorbent and adsorbate ions, the in-
media to ammonia nitrogen under differention  crease in ion concentration is beneficial to ad-
concentrations sorption [18]. It shows that there is electrostatic

attraction between sand and ammonia nitrogen and Iron powder and ammonia nitrogen. When
the ion concentration is 1-20 mmol/L, the adsorption capacity of aluminum powder to ammo-
nia nitrogen shows a trend of decreasing first and then increasing with the increase of ion con-
centration. When the ion concentration is 20-100 mmol/L, the adsorption of aluminum powder
to ammonia nitrogen. With the increase of ion concentration, it decreases, and the adsorption
capacity of aluminum powder to ammonia nitrogen reaches the maximum at 20 mmol/L, which
is 1.57 mg/g. It also shows that there is electrostatic attraction between aluminum powder and
ammonia nitrogen. Sand, iron powder, and aluminum powder at different ion concentrations
have the largest changes in ammonia nitrogen adsorption capacity of 0.81 mg/g, 0.325 mg/g,
and 0.341 mg/g, respectively. It shows that the adsorption capacity of sand to ammonia nitro-
gen is more affected by the ion concentration. The adsorption of ammonia and nitrogen by iron
powder is more affected by the ion concentration. In general, the increase in ion concentration
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inhibits the adsorption of ammonia nitrogen by the medium, probably because Na* and NH4*
are both cations, and can ion exchange with substances with ion exchange function on the sur-
face of the medium, so that Na* and NH4* have competitive adsorption [19]. Therefore, when
the ion concentration is at a low level (1-20 mmol/L), the increase in ion concentration is bene-
ficial to the adsorption of ammonia nitrogen by the medium.

Experimental results of adsorption kinetics of different
types of media for ammonia nitrogen
First-order kinetic model

The meanings of the first order kinetic equations and related parameters are as fol-
lows:

In(d, — ) =Ing, — kit )
where ge. [mgg?] is the adsorption amount of each medium when ammonia nitrogen adsorp-
tion is balanced, g: [mgg ] — the adsorption amount of the medium to ammonia nitrogen at

time t, t [min] — the reaction time of the medium to adsorb ammonia nitrogen, and
ki [min~1] — the quasi-first order kinetic rate constant.

The quasi-secondary kinetic model
The meanings of the second-order Kinetic equations and related parameters are:
t 1 t
+

- = — 5
G k0’ G ©
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The adsorption kinetics of sand, iron pow- ‘% ! o

der, and aluminum powder are shown in fig. 5. 2 05 iron
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creases with time, while sand shows a down- o 1 2 3 7
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ward trend at 5-6 hours. The iron powder sorp-
tion capacity of ammonia nitrogen gradually in-  Figure 5. Distribution of ammonia nitrogen
creased with the extension of time within 1-4 adsorption results by bioretentions over time
hours. The adsorption capacity of iron powder
ammonia nitrogen showed a decreasing trend within the range of 4-6 hours. In the initial stage
of adsorption, there are a large number of active sites on the surface of the medium, the con-
centration of adsorbate at the interface of the medium and the solution is large, and the gradi-
ent of the adsorption power is large, which is conducive to adsorption [13]. As the adsorption
time progresses, the adsorption sites on the surface of the medium are consumed, resulting in
a decrease in the amount of ammonia nitrogen adsorbed by the medium.

In order to make the adsorption characteristics of ammonia nitrogen for sand, iron
powder, and aluminum powder more intuitive, the following first-order kinetic equation and
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the quasi-secondary kinetic model are adopted for the adsorption of ammonia nitrogen on
sand, iron powder and aluminum powder perform fitting.

The results are shown in tab. 3. In the first-order kinetic model, the R? of the three
media are sand (0.9912), iron powder (0.9209), and aluminum powder (0.9413). The R? in the
quasi-secondary kinetic model is sand (0.6495), iron powder (0.5484), aluminum powder
(0.5386). From the correlation coefficients, it can be known that the adsorption process of
ammonia nitrogen by these three media is more suitable for fitting with the first-order kinetic
model, which indicates that the adsorption of ammonia nitrogen by the three media is mainly
physical adsorption.

Table 3. Calculation results of the first-order and second-order kinetic models at 298 K

N, First-order kinetic model Quasi-secondary kinetic model
R? ge [mgg1] ki [min] R? ge[mgg ] | k2[103min?]
Sand 0.9912 2.06 0.0073 0.6495 3.836 0.00077
Iron powder 0.9209 0.954 0.0049 0.5484 1.3827 2.871
Aluminum powder | 0.9413 0.0074 0.4267 0.5368 11.99 0.0316

Conclusions

In this paper, the kinetics of ammonia nitrogen adsorption is studied, and the results
are as follows.

e The first-order kinetic model is more suitable than the quasi-secondary kinetic model for
the ammonia nitrogen adsorption kinetic model of sand, iron powder, and aluminum
powder. Therefore, the adsorption of ammonia nitrogen by the three media is mainly
physical adsorption. The adsorption isotherms of ammonia nitrogen for the three media
are consistent with Langmuir's adsorption equation. The results show that the relationship
between the adsorption capacity of the three media for ammonia nitrogen is sand > alu-
minum powder > iron powder.

e Isothermal adsorption experiments show that with the increase of the initial concentra-
tion, the adsorption of ammonia nitrogen by sand, iron powder, and aluminum powder
continues to increase. When the concentration of ammonia nitrogen in the solution reach-
es a certain level, the adsorption rate of the medium to ammonia nitrogen begins to de-
crease. The minimum removal rates of sand, iron powder and aluminum powder were
64%, 34.7%, and 54.3%, respectively.

e The adsorption performance of the three media for ammonia nitrogen is greatly affected
by the pH value. The optimal pH for ammonia nitrogen adsorption by sand, iron powder
and aluminum powder is 6, 6, and 5, respectively.

e The change of ion concentration has a greater effect on the adsorption of ammonia nitro-
gen on sand. In terms of metal, the adsorption performance of aluminum powder on am-
monia nitrogen is more affected by the ion concentration than that of iron powder. The
optimum ion concentration of sand, iron powder and aluminum powder for ammonia ni-
trogen adsorption is 20 mmol/L.

Acknowledgment

This work was supported by a project of the National Natural Science Foundation of
China (No. 21667020) and the Natural Science Foundation of Inner Mongolia (No.



Mei, Y., et al.: Adsorption Characteristics of Ammonium Nitrogen in ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 3B, pp. 2279-2287 2287

2019MS05069) and the Key Project of School Foundation of Inner Mongolia University of
Technology (No. 2014219), and the Key Project of School Foundation of Inner Mongolia
University of Technology (No. ZD201708).

References

[1] Osman, M., etal., A Review of Nitrogen Removal for Urban Stormwater Runoff in Bioretention System,
Sustainability, 11 (2019), 5415

[2] Mei, Y., etal., Isothermal Adsorption Characteristics of Bioretention Media for Fecal Escherichia Coli,
24 (2020), 4, pp. 2427-2436

[3] Yang, F., etal., Hydrologic and Pollutant Removal Performance of Media Layers in Bioretention, Wa-
ter, 12 (2020), 3, pp. 1-16

[4] Wang, C,, etal., Effect of Saturated Zone on Nitrogen Removal Processes in Stormwater Bioretention
Systems, Water Research, 10 (2018), 2, 162

[5] Jiang, C., etal., An Improved Approach to Design Bioretention System Media, Ecological Engineering,
136 (2019), Oct., pp. 125-133

[6] Norton, R. A, etal., Effects of Storm Size and Frequency on Nitrogen Retention, Denitrification, and
N20 Production in Bioretention Swale Mesocosms, Biogeochemistry, 134 (2017), 3, pp. 353-370

[7] Huang, X, et al. Preparation of Clay/Biochar Composite Adsorption Particle and Performance for Am-
monia Nitrogen Removal from Aqueous Solution, Ocean Univ. China, Oceanic and Coastal Sea Re-
search, 19 (2020), 3, pp. 729-73

[8] Lopez-Ponnada, E. V., etal., Long-Term Field Performance of a Conventional and Modified Bioreten-
tion System for Removing Dissolved Nitrogen Species in Stormwater Runoff, Water Research, 170
(2019), Mar., pp. 1-38

[9] Le, T.H. X, etal., Nitrogen and Phosphorus Removal from Wastewater by Sand with Wheat Straw, En-
vironmental Science & Pollution Research, 26 (2019), 11, pp. 11212-11223

[10] Qiu, F., et al., Characteristic Analysis of Aluminum Sludge in Water Supply Plant and Performance Test
of Nitrogen and Phosphorus Adsorption (in Chinese), Environmental Engineering, 214 (2016), 4, pp. 59-
64

[11] Mei, Y., et al., Phosphorus Adsorption/Desorption Kinetics of Bioretention, Thermal Science, 24 (2020),
4, pp. 2401-2410

[12] Hall, K. R., etal., Pore and Solid Diffusion Kinetics in Fixed Bed Adsorption Under Constant-Pattern
Condition, Industrial & Engineering Chemistry Fundamentals, 5 (1966), 2, pp. 212-223

[13] Peng, Q., et al., Characteristics of Adsorption and Desorption of Nitrogen, Phosphorus and Potassium by
Different Raw Materials Biochar (in Chinese), Journal of Plant Nutrition and Fertilizer, 25 (2019), 10,
pp. 1763-1772

[14] Chen, J., Fe/Mg Study on Removal of Nitrogen and Phosphorus in Water by Modified Biochar (in Chi-
nese) M. Sc. thesis, Chongging University, Chongging, China, pp. 1-73, 2015

[15] Kumar, K. V., et al., Modeling the Mechanism Involved during the Sorption of Methylene Blue onto Fly
Ash, Journal of Colloid & Interface Science, 284 (2005), 1, pp. 14-21

[16] Xiang, T., Ma, Y., Research on the Natural Decay Law of Nitrate Pollutants under Different pH Values
(in Chinese), Architecture and Budget (2016), 6, pp. 48-51

[17] Fakhri, Y., et al., Efficient Nitrate Adsorption from Water by Alumtonm Powder.Kinetic, Equilibrium and
Influence of Anion Competition Studies, Environment protection engineering, 44 (2018), 3, pp. 19-31

[18] Al-Degs, Y. S., et al., Effect of Solution pH, lonic Strength, and Temperature on Adsorption Behavior
of Reactive Dyes on Activated Carbon, Dyes & Pigments, 77 (2008), 1, pp. 16-23

[19] Wang, C. W., et al., Ammonia Nitrogen Adsorption Performance of Aerobic Granular Sludge (in Chi-
nese), Chemical Journal of China, 65 (2014), 3, pp. 943-947

[20] Li, X. X, et al., Nanofibers Membrane for Detecting Heavy Metal lons, Thermal Science, 24 (2020), 4,
pp. 2463-2468

[21] Xu, L. Y., et al., Detection of Cigarette Smoke Using a Fiber Membrane Filmed with Carbon Nanoparti-
cles and a Fractal Current Law, Thermal Science, 24 (2020), 4, pp. 2469-2474

Paper submitted: May 2, 2020 © 2021 Society of Thermal Engineers of Serbia.
Paper revised: July 1, 2020 Published by the Vin¢a Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: July 1, 2020 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.vin.bg.ac.rs/index.php/en/

