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Abstract

Humification is a fundamental stage in the stabilization of organic matter and the formation of persistent compounds,
such as humic (HA) and fulvic acids (FA), during composting and vermicomposting processes. This stage not only
determines the maturity, stability, and final quality of the product but also plays a key role in the carbon biogeochemical
cycle and the sustainable management of organic wastes. In this review article, studies published between 2000 and 2025
were examined to analyze various aspects of humification reactions, including their physical, chemical, and microbial
mechanisms, commonly applied kinetic and mathematical models, influential factors (such as C/N ratio, feedstock
characteristics, and additives), and optimization strategies. The results indicate that composting and vermicomposting
follow distinct pathways for phenolic ring formation and polymerization, depending on microbial communities and
physical conditions. Additives such as biochar, metal oxides (e.g., Fe20s and MnQz), and bio-ash significantly enhance
redox-driven reactions and improve the HA/FA ratio. Classical kinetic models, including first-order, second-order, and
parabolic models, are useful for predicting temporal changes in the humification index (HI), while artificial intelligence
approaches such as artificial neural networks (ANN) and random forest (RF) have shown superior performance in
capturing the nonlinear behavior of these reactions. Recent studies highlight that future research will focus on developing
multiscale hybrid models, integrating omics-based datasets with kinetic frameworks, utilizing engineered enzymes, and
implementing intelligent real-time control systems at an industrial scale. Overall, a deep mechanistic understanding and
intelligent modeling of humification processes offer new opportunities for the sustainable bioconversion of organic wastes,
carbon emission reduction, and the production of high-quality biofertilizers within a circular bioeconomy framework.
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1- Humification
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10- Structural equation modeling

Wl Susby 5 S bl dile e Lelse
Xia ) s joid ) OAI o sa b S8 o 5 (29 S0m Sl e
S WLosls Ol ;0 Bian et al. (2024) (et al., 2025
Sl Gl ey 5 MnOz ¢ aew JB5 Aibe ola Sos33)
5035w Lol SLS S Olden ey S
e 53 LA ol Bl ey a3 B s g sn 2Ll
GOl el Bl o g s 5aS A5 T 3505 0L 015
Mg ol 8 Jss opd o GIULL slse (28S) olact
s (Slagsl 5 s ol lBl b geS o
SleeS 50 8) i Slale slaes 5 5 e CudS L gesn
Semenov et al., 2013; Karimi ) &S o A5 (gl ¢ J 5

et al., 2026

DA oo 90 98 (o) 2 33 (S (1835595 5 (5lwd e
by 05 SCansmeS Al o oby cladis uass
Ol dadde ol gyl 5> s &l Hamelers (2004)
St Slad il 33l U JT sl g (s o St o 5
Olay OF 513 5 I3 sp 3550 p33 450 5 Jsl 40
5805 (e gladae kil S SUS sladde (O 5SU
Lledd sleiyy Oddpmpsr o ¢l SInbl Jbs
Wesls 31 Yyane adts opl (Ebrahimzadeh et al., 2017)
Sl FA s HA (lgme 5 ON s S I 0p S Sl i

S e eslinal O jeas Ky s A

e iass o 3l S Zhang et al. (2012) v
Gladie b calises glac pnS 55 1y JTosle olg 45 55
S5 gdds 5l Gadle )5 8 et i kin
e ol ladie 5 - S sladie Lk
O o sa g8 o8 s e 55 Sl (8 s rae A
De Medina-Salas et al., 2022; Amlinger ) Lol slgiy
(et al., 2008,
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15- Kinetic modeling
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20- Second-order model

21- Stabilization

22- Parabolic and power models
23- Power-law model
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16- Inductive models

17- Mechanistic models

18- Empirical kinetic models
19- First-order model
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27- Path coefficients
28- Mass transfer
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24- Multi-component and two-phase models
25- Mechanistic and structural models
26- Structural equation modeling
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29- Data-driven and Al-based models
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Table 1. Comparative analysis of modeling approaches for the humification process
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Table 2. Comparative review of humification processes and characteristics in compost and vermicompost production
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