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Activation of nitro-humic substances from lignite using solid-phase nitro-humification process
assisted by nitrogen enrichment and ozone oxidation
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Abstract: In this work, solid-phase nitro-humification process was developed to activation of lignitic
nitro-humic substances (NHSs) by using the two-step sequential treatment assisted by nitrogen
enrichment (using KOH and urea as a humic acid activator and a nitrogen enrichment agent,
respectively) and ozone oxidation in fixed-bed reactor. The changes in main elements, spectral index
of humification (E4/Ee), surface functionalization, and textural properties were determined by
CHNOS analysis, ultraviolet-visible (UV-VIS), Fourier-transform infrared (FT-IR) spectroscopy,
and specific surface area (SSA) analysis based on BET, BJH and t-plot models, respectively. The
results revealed the increasing 2.25 and 2.94-folds on the yield of alkali and water-soluble NHSs,
respectively, compared to the conventional alkaline extraction method. A 14.5% reduction in the
carbon content owing to ozone oxidation and 8.15% nitrogen enrichment resulting from urea
pretreatment led to an ideal humification ratio (C/N ratio=5.6) and a higher degree of oxidation (O/C
ratio=0.94). Also, E4/Eg ratio up to 6.8 and salt index of 46.2% for NHSs were at an acceptable level.
The decomposition of double bonds of aromatic carbons and the effective transformation of nitrogen
into amide and organic nitrogen forms due to ozone oxidation were well proven by elemental analysis
of CHNOS and FT-IR spectroscopy. As a result of ozone oxidation, the main pores in lignite were
mainly turned into mesopores. Collectively, the results demonstrated that ozone oxidation, in addition
to enhancing the yield and quality of NHSs, provide an end product with a competitive value and a
lower price than other commercial nitrogenous humic fertilizers.
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Figure 1. Real view (left side) and schematic diagram (right side) of developed system for solid-phase nitro-humification of lignite. The parts
of system include: A) oxygen concentrator, B) ozone gas generator, C) flowmeter, D) ozone gas sensor, E) gas control valve, F) reaction

materials container, G) fixed-bed ozonation reactor, H) pressure meter, I) Arduino board, J) Laptop, K) O3 discharged to laboratory
ventilation system, L) preparation and nitrogen enrichment process.
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Table 1. Analysis of variance (ANOVA) of nitro-humification process for activation of lignite under treatment levels of ozone, urea, KOH as
compared with control treatments
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Figure 2. Interaction effects of ozone-KOH on alkali-soluble HSs yield under two conditions of Urea 0%wt. (a) and Urea 20%wt. (b). (mean +
(Means with at least one common letter have no significant difference at the 5% level based on Duncan's multiple range test).SE, n=3)
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Figure 3. Interaction effects of ozone-KOH on water-soluble HSs yield under two conditions of Urea 0%wt. (a) and Urea 20%wt. (b). (mean
(Means with at least one common letter have no significant difference at the 5% level based on Duncan's multiple range test) + SE, n=3)
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Table 2. Elemental analysis and atomic ratios for different compounds
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Table 4. Textural structure iroierties of native Iiinite, ozone oxidation-activated lignite and nitro-humic substances
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Figure 4. Nitrogen adsorption-desorption curves for native lignite (a), ozone oxidation-activated lignite (b) and nitro-humic substances (c)
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