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Abstract <
Humification is a fundamental stage in the stabilization of organic matter and formagion oﬂ)er‘sistent 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 role in the carbon biogeochemical cycle and the
sustainable management of organic wastes. In this review articl®, sthdies publi§hed 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 mqdels; influential factors (such as C/N ratio, feedstock
characteristics, and additives); and optimization strategigss T i

follow different pathways of phenolic ring formatR? and
physical conditions. Additives such as biocharnmetal oxid
redox-driven reactions and improve the HA/FA rat ical kinetic models, including first-order, second-order, and
parabolic models, are useful for predicting temporal ges in the humification index (HI), while artificial intelligence
approaches such as artificial neural orks (A and random forest (RF) have shown superior performance in
capturing the nonlinear behavior of these réactions. Regent studies highlight that future research will focus on developing
multiscale hybrid models, integrating omjcs-based ddtasets with kinetic frameworks, utilizing engineered enzymes, and
implementing intelligent real-time confffiel Systems at an industrial scale. Overall, a deep mechanistic understanding and
intelligent modeling of humi€jcation pripgesses offer new opportunities for the sustainable bioconversion of organic wastes,
carbon emission reduction, an ction of high-quality biofertilizers within a circular bioeconomy framework.

sults #fidicate that composting and vermicomposting
merization depending on microbial communities and
e.g., Fe20s and MnO»), and bio-ash significantly enhance
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1- Humification
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4- Condensation reactions
5- Humin
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7- Aromatic
8- Power law


https://jspi.iut.ac.ir/article-1-1727-fa.html

[ Downloaded from jspi.iut.ac.ir on 2026-06-01 ]

(Xu etal., 2024) das o 55 O5S| S5

(6ol 5 sl SLS 5 LSS do 0 (2

Sl 5 a3 oS b 3l SEles)l sladdl DL s
Ul sl s o pde JSE ksl S
S LSS S 5 osdie s il @ o sl
3 S dewl 2n) 3Ly gull 5 VL JsS0se 055 oS
ol b o> (Zhang et al., 2024) LT s 345 a0 (e gn
I Kl S Ay o SIS S 4 05 0des S (S e
(Abbasi et al., ol jltle gL 5 LS (gedl> 4 s
2009)

O gl it o= lbonST 5 U8 25Ty 5 Uows 5T 25

Sl pl Cld QAL saps 03 SIS Jlpe 51 S
soOMSly 3K GBY syl o };umg
5 oS s I by S 038 As) L )umsuw
SET L G5 sS Oy o ST slad
Cogen LI ol WSt > 5
sl a5 ol S5 RIS, 255w

(Lietal.,?2

| S e 05533l 45
3ol L e Bt l
das Wl Asys Yo (HIY gas wsosn jastli

-
3l eslazal (I‘i‘ﬁt al., 2022) Wallzs ,34(Zhang et al., 2024)

¢ bsbx“su‘w 23 2y sl gl LSty Ll
Geb TSl Lol s e 51 LS 6 o 5T Sl
5 S St SusE Sl S LIS ol
wle plag 51 s> Eisenia fetida — (loss, Sl
s adsl s e e oS el Vsl 5 Bl Gl

Sgd e G ol op ek la Sy Gl g s Rl

12- Condensation
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16- Inductive models

17- Mechanistic models

18- Empirical Kinetic Models
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Table 2. Comparative review of humification processes and characteristics in compost and vermicompost
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