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Abstract

Conventional methods for desalination of water and wastewater are usually not economically viable for providing the
water required for agricultural production due to high energy consumption and equipment costs. This study aimed to
evaluate the efficiency of magnetic nanobiochar produced from sugarcane bagasse to remove sodium ions from
agricultural wastewater under the influence of a magnetic field. Non-nanoactive, nanoactive, and magnetic nanoactive
adsorbents were produced using a pyrolysis process in an electric furnace at 600 °C, chemical activation with potassium
hydroxide, and magnetization with a combination of hexahydrate ferric chloride and heptahydrate ferric sulfate. The
results showed that the highest removal rates of chloride ions (44.6%) and sodium ions (58.3%) were obtained in the
magnetically activated nano-biochar under the influence of a magnetic field of 0.5 Tesla, for an activator-to-biochar ratio
of 3, a microwave power of 400 W, and an activation time of 10 minutes. Surface analyses including FT-IR spectroscopy
and scanning electron microscopy (SEM) confirmed that the hydroxyl, carboxyl, and carbonyl functional groups on the
surface of the adsorbent play a key role in the adsorption of sodium and chloride ions. It was also observed that the
application of a magnetic field improved the orientation of the ions towards the adsorbent and weakened the hydrogen
bonds in water, which led to an increase in the efficiency of the adsorption process. This study shows that magnetic nano-
biochar, under a magnetic field, could be an economical and sustainable solution for reducing the salinity of agricultural
wastewater.
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activated nano-adsorbent
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Figure 3. (a) Spectra of the activated nano-adsorbent before removal, (b) Spectra of the activated nano-adsorbent after Na*
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Figure 4. (a) Spectra of the magnetic activated nanobiochar before removal, (b) Spectra of the magnetic activated
nanobiochar after Na* removal
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Table 1. Properties of activated nanobiochar and magnetic activated nanobiochar

Parameter

Nano Biochar Activated Nano Biochar Activated Magnetic

Apparent Density (g/cm?) 513.354

Surface Area (m?/g) 834.413
Average Pore Diameter (nm) 1.104
Total Pore Volume (cm?/g) 0.612

748.312
721.135
0.827
0.468

s bt Sl suas 5 (g pais LT Y Jpur

Table 2. Elemental analysis results and chemical properties of biochar

Elemental analysis of biochar by XRF (%)

SiO2 AlOs Fe:0s CaO MgO SOs K20 Na:O Ti20Os P:0s Mn20s

Nano-activated adsorbent 73.1 1.7 26 21 03 02 132 05 03 0.8 0.2
Magnetic nano-activated adsorbent 413 043 327 13 02 01 89 04 01 05 0.1
Elemental analysis by combustion (%)
C o N C/N H pH
Nano-activated adsorbent 66.7 23.6 0.6 111.17 51 7.8
Magnetic nano-activated adsorbent 21.3 6.1 0.4 143.25 3.8 7.2
Properties of biochar
Volatile matter Fixed carbon Ash Moisture Heating value
(70) (%) (%0) (%) (k)/g)
Nano-activated adsorbent 61.8 19.8 15.4 2.8 24.1
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Table 3. Cation exchange capacity values of the synthesized adsorbents

Cation Exchange Capacity (cmol/kg)

Bagasse

Nano-activated
adsorbent

Magnetic nano-activated
adsorbent

Values of Cation Exchange Capacity of the Produced
Adsorbents

6.2
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Figure 6. Sodium ion removal results by magnetic activated nanoadsorbent under a magnetic field for an initial sodium
concentration of 10 g/L. (a) Microwave power 200 W, (b) Microwave power 400 W, (c) Microwave power 700 W
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Figure 7. Sodium ion removal results by magnetic activated nanoadsorbent under a magnetic field for an initial sodium.
(a) Microwave power 200 W, (b) Microwave power 400 W, (¢) Microwave power 700 W concentration of 5 g/L.
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Figure 8. Sodium removal results by magnetic activated nanoadsorbent under a magnetic field for an initial concentration of
3 g/L. (a) Microwave power of 200 W, (b) microwave power of 400 W, and (c) microwave power of 700 W
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Figure 9. Mean sodium removal results by magnetic activated nanoadsorbent under a magnetic field at constant microwave

power
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Figure 10. Mean sodium ion removal results by magnetic activated nanoadsorbent under a magnetic field at constant
activation time
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Figure 11. Mean sodium removal results by magnetic activated nanoadsorbent under a magnetic field at constant activation
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Figure 12. Effect of initial concentration on the mean sodium ion removal by magnetic activated nanoadsorbent under a
magnetic field
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Figure 13. Effect of microwave power on sodium ion removal by adsorbents
*Each of the columns in the aforementioned figures represents the mean of values obtained from 27 treatments, with three replicates for each (a total
of 54 data points).
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Figure 14. Effect of activation time on sodium ion removal by adsorbent
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Figure 15. Effect of activation-to-biochar ratio on sodium ion removal by adsorbents
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Figure 16. Effect of initial sodium ion concentration on sodium ion removal by adsorbents
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Figure 17. Effect of contact time on sodium ion removal by magnetically activated nanobiochar under a magnetic field
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Figure 18. Pseudo-first-order kinetic model fitting to the measured sodium removal results of magnetically activated
nanoadsorbents under a magnetic field
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Figure 19. Pseudo-second-order kinetic model fitting to the measured sodium removal results of magnetically activated
nanoadsorbents under a magnetic field
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Figure 20. Pseudo-second-order kinetic model fitting to the experimental sodium removal values by magnetically activated
nanoadsorbents under a magnetic field (separated)
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Figure 21. Intraparticle diffusion kinetic model fitting to the experimental sodium ion removal values by magnetically
activated nanoadsorbent under a magnetic field
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Figure 22. Effect of initial sodium ion concentration on the amount removed by magnetically activated nanoadsorbent under
a magnetic field
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Figure 23. Langmuir adsorption isotherm model fitting to the measured sodium ion values by magnetically activated
nanoadsorbents under a magnetic field
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Figure 24. Freundlich isotherm model fitting to the sodium removal values by magnetically activated nanoadsorbents under a
magnetic field
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Table 4. Adsorption isotherm model fitting to the experimental sodium removal values

Langmuir Power SEE R? Ka Qm
200 W 15.5 0.98 0.000306 307.3
400 W 42.4 0.98 0.000304 416.6
700 W 377 0.99 0.000306 312.5

Freundlich Power SEE R? ke 1/ng
200 W 38.2 0.91 2.97 0.49
400 W 54 0.88 2.85 0.51
700 W 30 0.91 3.06 0.46
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Table S. Normality testing of variables using Kolmogorov-Smirnov and Shapiro-Wilk tests

Kolmogorov=-Smirnov® Shapiro-Wilk

Absorbent Statistic df Sig. Statistic df Sig.
Chloride ~ Nen-nano 102 81 .038 948 81 .003
removal  Nano-active 147 a1 =001 924 81 <.001
Magnetically active 121 81 .005 946 81 .002
Magnetic field A57 31 <.001 933 31 <.001
Sodium Non-nano 092 a1 086 946 a1 002
Elimination Nano-active 082 81 200" 963 81 020
Magnetically active 130 81 002 942 81 001
Magnetic field 109 31 013 965 31 025

*. This is a lower bound of the true significance.

a. Lilliefors Significance Correction
‘;J?.."SJ ﬂf dlen 23] @ by C)#_”J\AJS sy £ Jgd

Descriptive Statistics

N Mean Std. Deviation Skewness Kurtosis

Statistic Statistic Statistic Statistic ~ Std. Error  Statistic  Std. Error

Absorbent 324 250 1120 .000 135 -1.362 270

Power 324 43333 205.798 .240 135 -1.505 270

- 324 10.00 4.089 .000 135 -1.505 270

Activator ratio 324 3.00 818 .000 135 -1.505 270

Initial concentration 324 6.00 2948 473 135 -1.505 270
Valid N (listwise) 324

Test Statistics™ Test Statistics™”
i cals gl cdle e caie i cdie

Kruskal-Wallis H 18.971 17.358 Kruskal-Wallis H 45 564 f4.704

df 2 2 df 3 3
Asymp. Sig. =.001 =.001 Asymp. Sig. =001 =001
a. Kruskal Wallis Test a. Kruskal Wallis Test
b. Grouping Variable: olst b. Grouping Variable: <il=
Test Sta\tistic:sa’h Test Statisti-::sa’h
i cals i cdle WE el cdle

Kruskal-Wallis H 11.324 12.064 Kruskal-Wallis H 10.587 10.405

df 2 2 df 2 2
Asymp. Sig. 003 .00z Asymp. Sig. 005 006
a. Kruskal Wallis Test a. Kruskal Wallis Test
b. Grouping Variable: sldls < h. Grouping Variable: olas
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Figure 25. Kruskal-Wallis test results regarding the effect of independent variables on sodium removal
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Table 7. Significant difference comparison within each group based on Mann-Whitney U test results for sodium removal

Treatment Comparison p-value Treatment Comparison p-value
(Group) (Group)
200-400 <0.001 5-10 0.227"
Power (W) 400-700 <0.001 Time (minutes) 10-15 0.002
200-700 0.620" 5-15 0.041"
2-3 0.224* 5-10 <0.001
Ai?\tia(ior 24 0.024 Initial C((;I}Icif):ntration 3-10 <0.001
3-4 <0.001 3-5 <0.001
Non-nano-active - Nano-active <0.001 Nano-active - Magnetic nano-active  0.004
Ad;orl:;ent Non-nano-active - Magnetic nano-active <0.001  Adsorbent Type Nano-active - Magnetic 0.387
P Non-nano-active - Magnetic <0.001 Magnetic - Magnetic 0.02
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