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Abstract 

Neem (Azadirachta indica)-based biopesticide production generates three solid byproducts ( 
pulps, depulping sludge, and husks) that are currently discarded untreated despite their 
substantial organic matter content and the environmental risks associated with their residual 
bioactive compounds. This study simultaneously quantified the mass flows and determined the 
physicochemical characteristics of these three byproduct fractions, and conducted a preliminary 
ecotoxicity assessment of neem fruit pulps on Eisenia fetida to establish a maximum 
incorporation threshold for vermicomposting. A total of 300 kg of dry neem fruits were 
processed, yielding byproducts representing 48.79% of the processed fruit dry mass, with pulps 
as the dominant fraction (39.14%), followed by husks (7.21%) and depulping sludge (2.44%). 
All three byproducts exhibited high organic matter content (76.87-81.50% DM) and C/N ratios 
ranging from 24.52 to 37.15, indicative of their potential for anaerobic digestion, composting, 
and vermicomposting. The ecotoxicity assessment revealed a significant increase in Eisenia 

fetida mortality above a pulp incorporation rate of 30% (w/w), establishing this threshold as the 
maximum safe incorporation rate for vermicomposting. To the best of our knowledge, this is 
the first study to simultaneously characterize all three byproduct fractions from neem 
biopesticide processing, including depulping sludge, which had not been previously described, 
and to empirically determine an ecotoxicological threshold for earthworm-based valorization 
of these residues. 

Keywords: Azadirachta indica, biopesticide, byproducts, physicochemical characterization, 
ecotoxicity, Eisenia fetida. 

Highlights 

• First simultaneous quantification and characterization of three neem biopesticide 
byproducts 

• Depulping sludge from wet processing characterized for the first time in the literature 
• Eisenia fetida mortality increases significantly above 30% pulp incorporation rate  
• Fraction-specific valorization pathways recommended based on C/N and ecotoxicity data 
• Decision framework proposed for biological valorization of neem processing byproducts. 
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1. Introduction 

Recent concerns about the harmful effects of chemical pesticides on human health and the 
environment [1] have led to a surge in biopesticide use worldwide [2]. Among the various 
biopesticides available, neem fruit derivatives are among the most popular because of their 
proven effectiveness and broad activity [3]. The key active component, azadirachtin, targets 
insects, fungi, and bacteria [4], which explains the increasing demand for neem-based 
biopesticides. The industrial-scale processing of neem seeds generates substantial volumes of 
solid residues: for every ton of neem oil produced, approximately four tons of press cake are 
generated as a solid byproduct [5]. As the neem biopesticide sector expands across Sub-Saharan 
Africa, where neem trees are abundant and local processing units are being established, the 
volumes of processing byproducts are expected to increase proportionally, raising urgent 
questions about their sustainable management. 

Extracting neem kernel, which holds the highest concentration of the active compound, involves 
processing the entire fruit. Initially, fruits are soaked in water to ease depulping, the process 
where the seed is separated from its pulp, resulting in two byproducts: pulp and depulping 
sludge. The seeds are then sun-dried and mechanically dehusked to obtain the kernel needed 
for biopesticide production (either neem powder or neem oil), with husks forming another 
byproduct. These three byproducts are currently discarded without treatment, despite 
containing residual bioactive compounds that may pose environmental risks if not properly 
managed, thereby justifying the need for controlled biological valorization pathways. 

Biological recovery processes such as anaerobic digestion, composting, and vermicomposting 
are well-established strategies for managing organic residues from agro-industrial processing, 
including those generated in tropical settings [6, 7]. These processes convert organic waste into 
value-added products such as biogas, compost, and vermicompost, thereby contributing to the 
principles of the circular economy in biopesticide supply chains. The high organic matter 
content and high C/N ratios of byproducts from neem fruit processing [6, 8] suggest 
compatibility with these valorization pathways. However, the presence of concentrated 
bioactive compounds in the raw byproducts of neem processing, notably azadirachtin, 
limonoids, and triterpenoids, introduces an ecotoxicological constraint that must be addressed 
empirically before any attempt at biological valorization, particularly for earthworm-based 
systems. 

Earthworms possess a biochemical defense mechanism that enables them to tolerate dietary 
bioactive compounds, particularly polyphenols [9]. In fact, Eisenia fetida and related species 
produce gut metabolites termed drilodefensins, which act as biological surfactants to protect 
them against the inhibition of digestive enzymes. According to [9], a high concentration of 
bioactive compounds in the worms’ feed leads to a 50% increase in drilodefensins secretion, 
suggesting that this defense system is adaptive but concentration-dependent, though its capacity 
remains limited. Based on this adaptive capacity of earthworms, several studies have 
demonstrated the feasibility of vermicomposting with substrates containing high levels of 
bioactive compounds, including invasive weeds such as Ageratum conyzoides [10, 11], 
Parthenium hysterophorus [12, 13], Chromolaena odorata [14], and Lantana camara [15], as 
well as agro-industrial residues from the processing of Jatropha curcas [16]. However, these 
studies consistently link earthworm tolerance to the nature of the substrate and, above all, to its 
concentration of bioactive compounds. These findings indicate that, for any novel bioactive-
rich substrate, a preliminary ecotoxicity assessment is a necessary prerequisite before 



3 
 

establishing a vermicomposting process [17]. Specifically regarding byproducts from neem 
fruit processing, the studies available in the literature relate solely to the effect of concentrations 
of diluted neem extracts or purified azadirachtin, as recommended for agricultural use, on 
earthworms [18, 19]. These studies do not provide information on the tolerance of Eisenia fetida 
worms to different incorporation rates of raw neem fruit by-products in an actual 
vermicomposting process. 

To date, three critical knowledge gaps hinder the rational design of biological valorization 
systems for neem biopesticide processing byproducts. First, no study has simultaneously 
quantified and physicochemically characterized all three byproduct fractions (pulps, depulping 
sludge, and husks) generated from a single processing unit operating under real wet-depulping 
conditions. [6] characterized sun-dried neem pulps exclusively for bioethanol production 
purposes, while [20] focused solely on the physical properties of the neem nut, leaving the 
depulping sludge, a byproduct specific to wet mechanical processing, entirely uncharacterized 
in the available literature. Second, the physicochemical properties of depulping sludge, 
generated by wet mechanical depulping, have never been reported, representing a complete 
absence of baseline data for this fraction. Third, the tolerance of Eisenia fetida to concentrated 
raw neem fruit pulps at incorporation rates representative of a real vermicomposting process 
has never been empirically determined, making it impossible to define safe and effective 
operating conditions for earthworm-based valorization of these residues. Addressing these three 
knowledge gaps is a prerequisite for the rational design of biological valorization systems for 
neem biopesticide processing byproducts. 

The objectives of this study were therefore to: (i) quantify the mass flows of the three 
byproducts generated during neem-based biopesticide production; (ii) determine their 
physicochemical characteristics; and (iii) conduct a preliminary ecotoxicity assessment of neem 
fruit pulps on Eisenia fetida to establish a maximum incorporation threshold for 
vermicomposting. 

To the best of our knowledge, this is the first study to simultaneously quantify and 
physicochemically characterize all three byproduct fractions (pulps, depulping sludge, and 
husks) generated from a neem biopesticide processing unit operating under real wet-depulping 
conditions. In particular, depulping sludge, a byproduct specific to wet mechanical processing, 
is characterized here for the first time. Furthermore, this study provides the first empirical 
determination of an ecotoxicological incorporation threshold for neem fruit pulps in an Eisenia 

fetida-based vermicomposting system, thereby establishing the operational foundation needed 
for the biological valorization of these residues. 

2. Material and Methods 

2.1. Study site 

The study was conducted at the Lomé Agronomic Experimental Station (SEAL), affiliated with 
the University of Lomé in Togo (06°17N, 001°20’E). The station includes an anaerobic 
digestion unit, a neem fruit processing unit for biopesticide production, and a cattle farm. 

2.2. Collection and Processing of Neem Fruits 

The neem fruits used in this study were purchased from neem fruit collectors in Dapaong 
(Savanes Region, Togo). Figure 1 shows a cross-section of a fresh neem fruit, illustrating its 
various parts. For byproduct quantification, 300 kg of dried neem fruits were soaked in water 
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for 24 hours (Figure 2) and then mechanically depulped with water. This depulping step yielded 
pulp and depulping sludge (fine pulp fragments mixed with water). The seeds obtained after 
depulping were sun-dried for three days and then mechanically dehusked. Dehusking yielded 
kernels for biopesticide production (neem powder or neem oil) and husks, which constitute the 
third byproduct. 

2.3. Mass quantification of Byproducts 

Byproduct mass was quantified by weighing on an electronic balance with a precision of ±0.01 
kg. Husks were weighed directly after mechanical dehulling and collected progressively into 
basins for weighing. 

Mass quantification of pulps and sludge was preceded by a draining step. Pulp was drained 
through sieves for four hours, whereas sludge, due to its finer particle size, was drained through 
burlap sacks for 48 hours. The fresh mass of each byproduct was recorded after draining. Figure 
3 shows the appearance of pulps and sludge after draining. 

 

Figure 1. Structure of a fresh, mature neem fruit 

 

Figure 2. Soaking of dried neem fruits before depulping: (a) weighing of dried neem fruits 
before filling the soaking tanks; (b) soaked neem fruits 
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After draining, three subsamples were collected from each byproduct (drained pulps, drained 
sludge, and husks) to determine dry matter content. The dry matter content for each byproduct 
was used to calculate the total dry mass generated from the 300 kg of processed neem fruits 
using the following equation: 𝐵஽ெ = 𝐵ிெ ×  (1) ܯܦ

BDM = byproduct dry mass (kg); BFM = Fresh mass of the byproduct after draining (kg); DM = 
dry matter content determined from 100 g subsamples (%). 

Once the dry mass of each byproduct was determined, the byproduct yield relative to the 300 
kg of processed fruit was calculated as follows: 𝐵 ௬ܲ௜௘௟ௗ = 𝐵஽ெܨ௠௔௦௦ × 100 (2) 

BPyield = byproduct yield relative to the mass of processed fruits (%); BDM = byproduct dry mass 
(kg); Fmass = total mass of processed fruits (300 kg).  

 

Figure 3. Appearance of pulps (a) and sludge (b) after draining 

2.4. Sample collection 

Samples for physicochemical analyses were collected immediately after draining for pulps and 
sludge and after dehulling for husks. Three 1 kg subsamples were collected per byproduct and 
weighed on a CAMRY electronic balance (precision ±0.1 g). Samples were sealed in airtight 
bags and transported primarily to the Soil and Plant Analysis Laboratory of the École 
Supérieure d’Agronomie (ESA, University of Lomé). 

2.5. Chemical Analysis Methods 

Physicochemical analyses included dry matter content (DM), pH, ash content (AC), organic 
matter (OM), total organic carbon (TOC), Kjeldahl total nitrogen (TNK), phosphorus, 
potassium, and total sugar. Total sugar content was measured only for pulps, given their 
expected high sugar content. Before analysis, pulps and sludge samples were pre-dried at 40 °C 
for two hours, then ground and sieved through a 2 mm sieve (all byproducts). 
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2.5.1. Dry matter content and pH 

Dry matter content (DM) was determined according to the standard NF EN 13040 (AFNOR, 
2007). A 100 g subsample of each byproduct was weighed (m1) into a pre-tared crucible (m0) 
using a balance with 0.1 g precision. Samples were placed in an oven maintained at 103 ± 2°C 
and dried to constant mass. Crucibles were then removed, allowed to cool, and reweighed (m2). 
Dry matter content was calculated as follows: ܯܦ(%) = ݉2 −݉0݉1 −݉0 × 100 (3) 

DM (%) = dry matter content of byproduct; m0 = mass of the empty crucible (g); m1 = mass of 
the sample + crucible oven drying (g); m2 = mass of the sample + crucible after oven drying 
(g).  

The pH of each byproduct was measured in aqueous suspension at a 1:5 (w/v) ratio in 
accordance with standard NF EN 13037 (AFNOR, 2012). A 20 g subsample of dried, ground, 
and sieved material was added to 100 mL of distilled water, homogenized by stirring for 15 
minutes, and then measured with a VIVOSUN pH meter (precision 0.01). 

2.5.2. Organic Matter and Ash Content 

Organic matter (OM) and ash content (AC) were determined by combustion in accordance with 
standard NF EN 13039 (AFNOR, 2011). A 20 g subsample of oven-dried material (103 ± 2 °C) 
was placed in a pre-calcined crucible (m0) and then ignited in a muffle furnace at 450 ± 10 °C 
for three hours. After cooling, the remaining ash mass was weighed (m2), and ash and organic 
matter contents were calculated as follows: ܥܣ(%) = ݉2 −݉0݉1 −݉0 (4) MO(%) = 100  (5) (%)ܥܯ−

AC (%) = ash content; OM (%) = organic matter content; m0 = mass of the empty crucible (g); 
m1 = mass of the dried sample + crucible before combustion (g); m2 = mass of ash + crucible 
after combustion (g). 

2.5.3. Total Organic Carbon 

Total organic carbon (TOC) was determined by wet oxidation using the Walkey & Black (1934) 
method, with a 0.167 M potassium dichromate solution in concentrated sulfuric acid, followed 
by back-titration of the unreduced dichromate with ammonium ferrous sulfate. 

2.5.4. Total Kjeldahl Nitrogen and C/N ratio 

Total Kjeldahl nitrogen content was determined using the modified Kjeldahl method in 
accordance with standard NF EN 13654-1 (AFNOR, 2002). A 1 g subsample of dried, ground 
material was placed in a digestion tube, to which 5 g of Kjeldahl catalyst and 12 mL of 
concentrated sulfuric acid were added. Mineralization was carried out for approximately 75 
minutes at 200 °C, followed by one hour at 420 °C, converting organic nitrogen to ammonium. 
Distillation was then performed by adding 80 mL of distilled water, 50 mL of sodium hydroxide 
solution, and 30 mL of boric acid solution. The resulting ammonia was recovered by steam 
entrainment and collected in a boric acid solution containing a few drops of bromothymol blue 
indicator. Titration was performed using a 0.1 N hydrochloric acid solution [21]. A blank test 
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was run in parallel using 2 mL of water, following the same protocol. Total nitrogen content 
was calculated as follows: ܶܰܭ(%) = ( 1ܸ − 0ܸ) × ܥ × 1,401݉  (6) 

V1 = volume of acid used for sample titration (mL); V0 = volume of acid used for blank titration 
(mL); C = molar concentration of the acid (mol/L); m = dry mass of the subsample (g). 

The C/N ratio of each byproduct was calculated by dividing its TOC content by its TKN content 
as follows: ܥ/ܰ =  (7) (%)ܭܶܰ(%)ܱܶܥ

2.5.5. Total Phosphorus 

Total phosphorus content was determined by the ammonium molybdate spectrometric method 
in accordance with standard NF EN ISO 6878 (AFNOR, 2005). The filtered extract (0.45 µm) 
was acidified with an ammonium sulfate/sulfuric acid mixture, then treated with ammonium 
molybdate and ascorbic acid. A blue phosphomolybdate complex formed, and absorbance was 
measured at 880 nm after 30 minutes. A linear calibration curve (0.005 to 0.8 mg P) was used 
to calculate phosphorus content, with a detection limit of 0.005 mg/L. Phosphorus contents, 
initially expressed as elemental phosphorus (P), were converted to P2O5 equivalents and 
presented as %P2O5. 

2.5.6. Potassium 

Potassium, expressed in K2O, was determined by flame atomic absorption spectrometry after 
extraction. A 5 g subsample was suspended in 200 mL of demineralized water, brought to a 
gentle boil under reflux for 30 minutes, cooled, filtered through Whatman No. 40 filter paper, 
and adjusted to 250 mL in a volumetric flask. The extract was diluted 1:100 to bring the 
concentration within the linear range (0-5 mg K/L), and cesium chloride was added at 0.1 (w/v) 
as an ionization suppressant. Measurements were performed in an air-acetylene flame at 766.5 
nm using a five-point calibration curve. 

2.5.7. Total Sugars 

Total sugar content was determined using the phenol-sulfuric acid colorimetric method, as 
described by [22]. A 2 mL aliquot of aqueous pulp extract was introduced into a colorimetric 
tube, to which 0.05 mL of 80 % (w/w) phenol was added. Five milliliters of concentrated 
sulfuric acid (95.5 %) were then rapidly poured, directing the stream against the liquid surface 
to ensure proper mixing. After 10 minutes of rest, the tubes were agitated and placed in a water 
bath at 30 °C for 20 minutes. The characteristic yellow-orange color was measured at 490 nm 
for hexoses and at 480 nm for pentoses and uronic acid. Sugar concentration was determined 
by reference to a standard calibration curve, and results were expressed as a percentage of dry 
matter. 

2.6. Preliminary ecotoxicity assessment of neem fruit pulps 

A preliminary ecotoxicity test was conducted to identify the maximum pulp incorporation rate 
above which Eisenia fetida mortality becomes significantly higher than in the control. This step 
was necessary given that the bioactive compounds concentrated in raw neem fruit pulps, 
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including azadirachtin, limonoids, and triterpenoids, may be detrimental to earthworm survival 
during vermicomposting [18, 19]. 

Seven substrates were prepared in three replicates each: a control consisting of seven days-
precomposted cattle manure only, and six substrates combining precomposted cattle manure 
with neem fruit pulps at incorporation rates of 10%, 20%, 30%, 40%, 50%, and 60% (w/w). 
Each replicate was inoculated with 10 adult clitellate Eisenia fetida earthworms. The test was 
conducted over two weeks under controlled conditions. Dead earthworms were counted daily 
and removed to calculate the cumulative mortality rate at the end of the test period. A one-way 
analysis of variance (ANOVA) was performed to assess the effect of pulp incorporation rate on 
earthworm mortality, and Tukey's HSD post-hoc test was used for mean comparison. The 
preliminary ecotoxicity data reported here were used to establish the experimental design of a 
companion vermicomposting study 

3. Results 

3.1. Quantities of byproducts generated 

The results of the mass quantification of byproducts generated during neem-based biopesticide 
production are presented in Table 1. 

The results show that kernels account for 51.21% and wastes for 48.21% of the total fruit mass 
processed. Among the wastes, pulps are predominant with 39.14% of the mass of processed 
fruits, followed by shells (7.21%), while sludges rank last with 2.44%. 

Table 1. Mass balance of byproducts generated from the processing of 300 kg of dry neem 
fruits. 

Product/by-product Fresh mass (kg) DM (%) Dry mass (kg) Rate (%) 

Kernel 170.13 90.30 ± 0.15 153.63 51.21 

By-products 797.96 - 146.37 48.79 

Total soaked seeds 968.09 - 300,00 100.00 

            Pulps 645.32 18.20 ± 0.36 117.44 39.14 

            Sludge 125.77 5.82 ± 0.43 7.31 2.44 

            Husks 23.37 92.50 ± 1.20 21.62 7.21 

            Handling losses 3.50 - - - 

Total - by-products 797.96 - 146.36 - 

Fresh mass = mass of the byproduct after draining; DM = dry matter content after oven drying; Dry mass = dry 
mass of the byproduct relative to its total fresh mass; Rate = byproduct rate relative to the mass of processed fruits. 

3.2. Physicochemical Characteristics of Byproducts 

The results of laboratory analyses of each byproduct are presented in Table 2. Neem husks were 
naturally dry (DM = 92.50 %), while pulps (DM = 18.20 %) and sludge (DM = 5.82 %) were 
moist. Regarding pH, all three byproducts fell within the acidic range, with values of 5.80, 5.20, 
and 5.50 for pulps, sludge, and husks, respectively. 

All three byproducts exhibited high organic matter content (76.87-81.50 %DM), with a similar 
trend observed for total organic carbon, ranging from 44.59 to 47.27% DM. C/N ratios ranged 
from 24.52 for sludge to 37.15 for husks, with pulps displaying an intermediate value of 33.52. 
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Major nutrient contents (N, P, K) were modest across all the byproducts. Nitrogen ranged from 
1.20 % DM (husks) to 1.85 %DM (sludge); phosphorus from 0.22 DM (sludge) to 0.27 % DM 
(husks); and potassium from 1.70 DM (sludge) to 1.94 % DM (husks). Total sugar content, 
measured exclusively in pulps, was 69.77 ± 2.31 %DM. 

Table 2. Physicochemical characteristics of the three byproducts 

Parameter Pulps Sludge Husks 

DM (%) 18.20 ± 0.36 5.82 ± 0.43 92.50 ± 1.20 

pH 5.80 ± 0.04 5.20 ± 0.10 5.50 ± 0.15 

OM (% DM) 81.50 ± 1.20  78.20 ± 2.10  76.87 ± 1.50  

TOC (% DM) 47.27 ± 0.70 45.36 ± 1.22  44.59 ± 0.80  

TKN (% DM) 1.41 ± 0.03 1.85 ± 0.10  1.20 ± 0.12  

P2O5 (% DM) 0.25 ± 0.02  0.22 ± 0.03  0.27 ± 0.04  

K2O (% DM) 1.91 ± 0.12  1.70 ± 0.15  1.94 ± 0.20  

C/N 33.52 24.52 37.15 

Total sugars (% DM) 69.77 ± 2.31 - - 

DM = dry matter content; OM = organic matter content; TOC = total organic carbon; TKN = total Kjeldahl 
nitrogen. 

3.3. Preliminary ecotoxicity assessment of neem fruit pulp 

The results of the preliminary ecotoxicity test are presented in Table 3. Analysis of variance 
revealed a highly significant effect of pulp incorporation rate on Eisenia fetida mortality (p < 
0.001). At incorporation rates of 10% and 20% (T10 and T20), mortality remained low (6.7% 
and 13.3%, respectively) and did not differ significantly from the control (T0: 3.3%; p > 0.05). 
A significant increase in mortality was first observed at T30 (23.3%; p < 0.05), marking the 
threshold above which pulp incorporation rate had a statistically significant detrimental effect 
on earthworm survival. Beyond this threshold, mortality rose sharply and progressively, 
reaching 46.7% at T40, 76.7% at T50, and 100% at T60, with each treatment forming a 
statistically distinct group. Based on these results, a pulp incorporation rate of 30% (w/w) was 
identified as the maximum safe threshold for Eisenia fetida-based vermicomposting of neem 
fruit pulps. 

Table 3. Effect of neem pulp incorporation rate on Eisenia fetida mortality during the 
preliminary ecotoxicity test 

Treatments Mortality (%) 

T0: control (cattle manure)  3.3 a 

T10: 10 % pulp incorporation 6.7 ab 

T20: 20 % pulp incorporation 13.3 ab 

T30: 30 % pulp incorporation 23.3 b 

T40: 40 % pulp incorporation 46.7 c 

T50: 50 % pulp incorporation 76.7 d 

T60: 60 % pulp incorporation 100.0 e 

Means followed by the same letter are not significantly different at 5% threshold (Tukey’s HSD test). 
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4. Discussion 

4.1. Mass balance of products generated during neem fruit processing 

Kernels accounted for 51.21% of the total mass of processed dry neem fruits. The kernel 
fraction obtained in this study is close to the value of 51.35% reported by [6] for fruits collected 
at the Mora site in Cameroon, whereas [20] reported a higher kernel fraction of 55.83%. This 
discrepancy is mainly attributable to the basis used for calculating the kernel fraction: [20] 
expressed kernel yield relative to dry seeds, while in the present study, kernel yield was 
calculated relative to the total mass of processed dry neem fruits. 

Wastes generated from neem fruit processing represented 48.79% of the total mass of dry neem 
fruits, with pulps being the dominant waste fraction at 39.14%. [6] reported a pulp fraction of 
48.65%, which differs from the value obtained in the present work. This difference may be 
explained by the fact that they did not account explicitly for shells and depulping sludge 
fractions; instead, they partitioned neem fruits into only kernels and pulps, whose combined 
proportion was set to 100%. The pulp obtained here, therefore, represents a potentially valuable 
resource for energy and agronomic valorization, in line with the recommendations of [7], which 
are consistent with the principles of the circular economy. 

Shells represented 7.21% of the neem fruit processing wastes. This proportion is lower than the 
44.17% shell fraction reported by [20]. The difference between these values is again related to 
the calculation basis: their shell fraction was expressed relative to seed mass, whereas in the 
present study it is expressed relative to the total mass of dry neem fruits. 

Depulping sludges (2.44%) constituted the smallest waste fraction and were highly liquid, as 
they consisted of a mixture of pulp fragments and water. This liquid nature can hinder the 
valorization of this waste stream, since it requires substantial reduction of its moisture content. 
To increase the concentration of solid residues in neem fruit sludges and reduce water 
consumption, [7] recommends using a depulper equipped with a water recirculation system and 
filtration units that capture pulp-laden water and recycle it within the process. 

Beyond the agronomic implications of individual byproduct fractions, the overall mass balance 
reveals that byproducts collectively represent 48.79% of the dry mass of processed neem fruits, 
nearly equivalent to the kernel fraction itself (51.21%). At industrial processing scale, where 
hundreds of tons of neem fruits are processed annually to meet growing biopesticide demand 
[5], this proportion translates into substantial biomass flows that cannot be sustainably managed 
through simple discarding. This finding reinforces the urgency of developing structured 
biological valorization pathways for these residues, as advocated by [7]. 

4.2. Dry Matter Content and pH 

The dry matter results show that husks are naturally dry (DM = 92.50 %), consistent with their 
rigid lignocellulosic structure, comparable to Jatropha curcas husks for which [23] report a 
moisture content of only 5-6%. Pulps (DM = 18.20 %) and sludge (DM = 5.82%) were moist 
due to the water-based depulping process. These results differ from those reported by [6], who 
obtained dry matter contents ranging from 87 to 90% for neem pulps. This discrepancy is 
explained by the fact that those authors worked with sun-dried pulps, whereas our depulping 
process involves water soaking followed by mechanical depulping. 

All three byproducts displayed acidic pH values (5.20-5.80), attributable to the presence of 
fermentable sugars and naturally occurring organic acids in fruit tissues, further accentuated by 
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the preliminary soaking of the fruits. These results are consistent with those of [6], who reported 
a natural must pH of 5.4 for neem pulps. Sludge displayed the lowest pH, likely due to the 
concentration of organic acids during the aqueous depulping process. 

The acidic pH values recorded across all three byproducts (5.20-5.80) have direct implications 
for biological valorization. In anaerobic digestion, optimal methanogenesis occurs within a pH 
range of 6.8-7.2 [24], meaning that direct digestion of these byproducts without pH adjustment 
or co-digestion with a buffering substrate, such as cattle manure, would risk inhibiting 
methanogenic activity. For composting and vermicomposting, mildly acidic substrates are 
generally tolerated, as microbial activity and earthworm metabolism tend to progressively 
neutralize pH during the process [15]. 

4.3. Organic matter (OM), total organic carbon (TOC) and C/N ratio 

All three byproducts exhibited high organic matter contents (76.87-81.50% DM), with pulps 
showing the highest values. These results confirm the predominantly organic nature of these 
residues, consistent with data reported by [25] on neem byproducts, who highlighted their high 
labile organic matter content, favorable to biological processes. TOC values (44.59-47.27% 
DM) followed the same trend and are representative of substrates rich in both structural and 
soluble carbohydrates. 

The contrasting C/N ratios observed across the three byproduct fractions reflect their distinct 
biochemical compositions. Depulping sludge, with the lowest C/N ratio (24.52), is enriched in 
soluble nitrogen-containing compounds leached from pulp tissue during the aqueous depulping 
process, a phenomenon well documented for fruit-derived processing byproducts subjected to 
wet transformation [26, 27], which explains both its elevated nitrogen content (1.85% DM) and 
its lowest C/N ratio among the three fractions. Pulps displayed an intermediate C/N ratio 
(33.52), consistent with their high total sugar content (69.77% DM) diluting the relative 
nitrogen proportion. Husks exhibited the highest C/N ratio (37.15), reflecting their 
predominantly lignocellulosic structure, which is inherently carbon-rich and nitrogen-poor, as 
similarly reported for Jatropha curcas husks [23]. 

Regarding anaerobic digestion, sludge showed the most favorable C/N ratio (24.52), falling 
within the optimal range of 20-30 reported for this process [28, 29]. For pulps, the C/N ratio of 
33.52 slightly exceeds this optimal range, requiring co-digestion with a nitrogen-rich substrate 
to restore a favorable C/N balance. Cattle manure, with typical C/N ratios of 15-25 [30], 
represents a readily available co-substrate in Sub-Saharan African contexts and could 
effectively compensate for the nitrogen deficit of neem fruit pulps. Additionally, the high total 
sugar content of pulps (69.77% DM) is favorable for rapid hydrolysis and acidogenesis, but 
may trigger volatile fatty acid accumulation and process acidification if the organic loading rate 
is not carefully controlled [31]. 

Regarding composting, pulps displayed a C/N ratio (33.52) within the optimal range [32, 33], 
comparable to that of banana peels (30–35; [34]) and pineapple waste (30–45; [29]). Husks 
exhibited the highest C/N ratio (37.15), exceeding the commonly recommended upper threshold 
for efficient composting [33], which would slow nitrogen cycling and delay compost 
maturation. Co-amendment with a nitrogen-rich material, such as depulping sludge (C/N: 
24.52) or cattle manure, could therefore serve a dual purpose: correcting the C/N ratio of husks 
while simultaneously valorizing the sludge fraction, which is otherwise difficult to manage 
owing to its high moisture content (DM: 5.82%). This co-composting strategy is supported by 
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recent studies demonstrating that co-amendment of lignocellulosic materials with nitrogen-rich 
organic wastes consistently improves compost quality and accelerates maturation [35–37]. 

4.4. Nitrogen, Phosphorus, and Potassium Contents 

Nitrogen (1.20-1.85% DM), phosphorus (0.22-0.27% DM), and potassium (1.70-1.94% DM) 
contents were modest but consistently present across all three byproducts. Sludge showed the 
highest nitrogen content (1.85% DM), consistent with its lowest C/N ratio among the three 
fractions. These values are comparable to those reported for neem seed cake from West African 
processing units, which contains approximately 31.4% protein alongside modest mineral 
fractions [38], and are consistent with the NPK ranges documented for other agro-industrial 
fruit processing byproducts (0.61-2.29% N, 0.07-0.55% P, 0.19-3.72% K; [39]) and for 
Jatropha curcas husks, which similarly display low protein and mineral contents [40]. 

Potassium was the dominant mineral element across all three byproduct fractions (1.70-1.94% 
DM), a characteristic of particular agronomic relevance in the Togolese context. The soils of 
southern Togo are dominated by tropical ferruginous soils (Lixisols; [41]), characterized by low 
cation exchange capacity, high leaching potential, and inherent mineral nutrient deficiencies 
[42]. Field studies conducted on these soils have demonstrated that nitrogen is the primary 
limiting nutrient for maize production, followed by phosphorus, with potassium ranking third 
in order of priority (N > P > K; [43]). While potassium deficiency is therefore a less immediate 
constraint than nitrogen or phosphorus in these systems, the consistent potassium content of 
neem byproducts (1.70-1.94% DM) nonetheless represents a complementary agronomic 
contribution when these residues are valorized through composting or vermicomposting. 
Organic amendments have been shown to improve overall nutrient availability, including 
potassium, in southern Togolese soils while simultaneously increasing soil organic carbon 
stocks and crop yields [44]. 

Although the nutrient concentrations of these byproducts in their raw state are insufficient for 
direct use as mineral fertilizers, their valorization through biological processes is expected to 
enhance nutrient availability and organic matter stability, thereby improving their agronomic 
value as soil amendments [45]. This potential is further supported by the high organic matter 
content of all three fractions (76.87-81.50% DM), which constitutes the primary substrate for 
biological transformation and humus formation. 

4.5. Total Sugar Content 

Pulps displayed a total sugar content of 69.77 ± 2.31% DM, confirming the high sugar richness 
of this byproduct. [6] reported values of 73-74% DM for sun-dried pulps, showing a slight 
discrepancy with our results. This difference is attributable to partial leaching of soluble sugars 
during the wet mechanical depulping process used in our study, a phenomenon consistent with 
the documented transfer of soluble organic compounds from fruit-derived processing 
byproducts to the aqueous phase during wet transformation [26, 27]. This leaching mechanism 
also accounts for the acidic pH values recorded in pulps and sludge (5.20-5.80), as partial 
fermentation of soluble sugars during soaking and wet processing generates organic acids that 
lower the substrate pH. Total sugar content was determined exclusively for pulps, as this 
byproduct was identified as the primary candidate for fermentation-based valorization based on 
preliminary literature data [6], a conclusion confirmed by the characterization results obtained 
in this study. 
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The high total sugar content of neem fruit pulps has differentiated implications for each 
valorization pathway considered. For anaerobic digestion, soluble sugars are rapidly 
hydrolyzed and converted to volatile fatty acids during acidogenesis, making pulps a highly 
reactive substrate. Substrates with an acidic initial pH and high soluble sugar content are 
particularly prone to rapid acidification, as demonstrated for food waste with similar pH profiles 
(5.2-5.5) by [46], which may inhibit methanogenic activity if the organic loading rate is not 
carefully controlled [31]. For composting, soluble sugars constitute a highly labile carbon 
fraction that is rapidly consumed by microorganisms during the thermophilic phase, stimulating 
microbial activity and accelerating organic matter decomposition [47, 48]. This behavior is 
analogous to that reported for olive oil processing residues, another sugar-rich, phenolic-
bearing agro-industrial byproduct, for which composting has been proposed as the primary 
stabilization pathway [49]. For vermicomposting, soluble sugars constitute a readily available 
energy source for Eisenia fetida. Studies on sugar-rich agro-industrial residues such as sugar 
cane press mud have shown that Eisenia fetida can tolerate and actively process these substrates 
at moderate incorporation rates [37, 50], which may partially explain the earthworms' capacity 
to tolerate pulp incorporation rates up to 30% (w/w) as observed in the preliminary ecotoxicity 
assessment of the present study. 

4.6. Bioactive compounds and preliminary ecotoxicity assessment 

The physicochemical characterization carried out in this study does not include quantitative 
determination of the bioactive compounds present in neem byproducts, particularly azadirachtin 
and limonoids, as the required analytical equipment (HPLC or LC-MS/MS) was not available 
within the constraints of this study. However, the absence of quantitative bioactive compound 
data does not preclude a meaningful ecotoxicological assessment. Following an approach 
widely adopted in ecotoxicological studies on complex organic matrices [17, 51], we substituted 
analytical quantification with a functional bioassay using Eisenia fetida as a sentinel organism. 
This approach is justified by two considerations: first, Eisenia fetida is an internationally 
recognized test organism for soil ecotoxicology [52], whose mortality response integrates the 
cumulative toxic effect of all bioactive compounds present in a substrate rather than targeting a 
single molecule; and second, the quantitative determination of azadirachtin and limonoids in 
neem fruit processing byproducts constitutes a methodological priority for future work, 
particularly given the contrasting ecotoxicological profiles reported for different neem-derived 
products and exposure formats in the literature. 

The preliminary ecotoxicity assessment revealed a clear dose-dependent relationship between 
pulp incorporation rate and Eisenia fetida mortality (p < 0.001). At low incorporation rates 
(T10: 6.7%; T20: 13.3%), mortality did not differ significantly from the control (T0: 3.3%), 
indicating that earthworms tolerated these concentrations through their biochemical defense 
mechanisms, notably the production of drilodefensins, gut surfactant metabolites that increase 
by approximately 50% in response to bioactive-rich diets [53]. The significant increase in 
mortality first observed at T30 (23.3%; p < 0.05) marks the threshold above which the 
cumulative ecotoxicological effect of neem pulp bioactive compounds exceeds the adaptive 
capacity of Eisenia fetida. Beyond this threshold, mortality rose sharply and progressively, 
46.7% at T40, 76.7% at T50, and 100% at T60, with each treatment forming a statistically 
distinct group. This pattern is consistent with the dose-response relationships reported for plant-
derived extracts and essential oils on Eisenia fetida, where mortality increases progressively 
with concentration and the response is highly dependent on the nature and concentration of the 
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bioactive compounds involved [51, 54]. These results establish a pulp incorporation rate of 30% 
(w/w) as the maximum safe operational threshold for Eisenia fetida-based vermicomposting of 
neem fruit pulps. 

The dose-response pattern observed contrasts with previous studies that reported no significant 
toxicity of neem-derived products on earthworms. [55], working with neem cake incorporated 
into tropical soil at agronomic doses, found no significant mortality in earthworms, while [18] 
reported an absence of negative effects at field-recommended concentrations of commercial 
neem extract. These apparent contradictions are reconciled by considering the exposure format: 
diluted neem derivatives applied to soil differ fundamentally from concentrated raw byproducts 
incorporated at high rates in a vermicomposting substrate, where earthworms are in direct and 
prolonged contact with the material. This distinction between diluted field applications and 
concentrated processing byproducts represents a critical gap that the present study addresses 
for the first time. The results are consistent with the broader ecotoxicological literature on 
bioactive-rich substrates, where Eisenia fetida tolerance has been demonstrated for invasive 
plant species, including Parthenium hysterophorus [13, 56], Lantana camara [15], and 
Chromolaena odorata [14], but always within substrate- and concentration-specific limits. The 
30% threshold identified in this study is also consistent with the tolerance range reported for 
sugar-rich agro-industrial residues such as sugar cane press mud, where Eisenia fetida survival 
and growth remained compatible up to 30-50% incorporation [50], suggesting that the energy 
substrate availability from neem pulp sugars (69.77% DM) may partially offset the 
ecotoxicological stress at moderate incorporation rates. The specific interactions between neem 
bioactive compounds, azadirachtin, limonoids, and triterpenoids, and the drilodefensin defense 
system of Eisenia fetida remain unknown and constitute a priority research question for the 
mechanistic understanding of neem byproduct vermicomposting. 

4.7. Integrated  decision framework for biological valorization 

The physicochemical characterization and preliminary ecotoxicity assessment reported in this 
study collectively provide a multi-parameter evidence base for guiding the selection of 
biological valorization pathways for neem biopesticide processing byproducts. Rather than 
treating valorization pathway selection as a binary choice, the data presented here support a 
fraction-specific, criteria-based decision framework that integrates C/N ratio, organic matter 
content, moisture content, sugar content, nutrient profile, and earthworm ecotoxicity into a 
coherent set of operational recommendations. Such decision frameworks have been proposed 
for other complex agro-industrial byproduct streams [7, 45] and are increasingly recognized as 
essential tools for translating laboratory characterization data into actionable valorization 
strategies, particularly in Sub-Saharan African contexts where processing infrastructure and 
input availability constrain pathway selection. 

4.7.1. Pulps: anaerobic digestion or composting recommended  

Pulps combine the highest organic matter content (81.50% DM), the highest total sugar content 
(69.77% DM), and an optimal C/N ratio for composting (33.52), making them the fraction with 
the highest biological valorization potential. Their elevated fermentable sugar content makes 
anaerobic digestion the primary recommended pathway, as soluble sugars are rapidly 
hydrolyzed and converted to volatile fatty acids during acidogenesis, supporting high biogas 
yields. Co-digestion with cattle manure, widely available in Sub-Saharan African contexts, is 
recommended to correct the slightly elevated C/N ratio (33.52) and buffer the risk of process 
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acidification associated with rapid volatile fatty acid accumulation [31, 46]. Composting 
represents a viable alternative, taking advantage of the high labile carbon content to stimulate 
thermophilic microbial activity [47]. Vermicomposting is possible but not prioritized for this 
fraction: the preliminary ecotoxicity assessment demonstrated significant Eisenia fetida 
mortality above a pulp incorporation rate of 30% (w/w), making this pathway the most 
constrained of the three options and better suited to the less toxic fractions, depulping sludge 
and husks. 

4.7.2. Depulping sludge : anaerobic digestion or co-composting with husks recommended 

Depulping sludge presents the most favorable C/N ratio for anaerobic digestion (24.52) and the 
highest nitrogen content (1.85% DM) among the three fractions, making it the preferred 
candidate for methane production. Its very high moisture content (DM: 5.82%), however, 
constitutes a major management constraint, direct handling and transport are difficult, and pre-
dewatering would be required before composting or vermicomposting. An alternative strategy 
consists of using sludge as a nitrogen-rich co-amendment for husk composting, thereby 
simultaneously addressing the high C/N of husks and valorizing the sludge fraction without the 
need for dewatering. 

4.7.3. Husks: co-composting with nitrogen-rich co-amendment recommended 

Husks exhibited the highest C/N ratio (37.15) and the lowest moisture content (DM: 92.50%), 
reflecting their predominantly lignocellulosic structure. This profile is incompatible with 
anaerobic digestion and requires C/N correction for efficient composting. Co-amendment with 
depulping sludge (C/N: 24.52) or cattle manure represents a dual valorization strategy that 
corrects the C/N ratio of husks while simultaneously managing the sludge fraction [35, 36]. The 
high dry matter content of husks is an operational advantage, they are easy to store, transport, 
and mix, making them suitable as a bulking agent in composting systems. 
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Table 4. Decision framework for biological valorization selection for neem biopesticide processing byproducts 

Parameter Pulps Depulping sludge Husks 

DM (%FM) 18.20 5.82 92.50 

pH 5.80 5.20 5.50 

OM (%DM) 81.50 78.20 76.87 

TOC (%DM) 47.27 45.36 44.59 

TKN (%DM) 1.41 1.85 1.20 

P2O5 (%DM) 0.25 0.22 0.27 

K2O (%DM) 1.91 1.70 1.94 
C/N 33.52 24.52 37.15 

Total sugars (%DM) 69.77 ND ND 

Anaerobic digestion Preferred (high fermentable sugars + co-
digestion with cattle manure for C/N 
correction) 

Recommended (optimal C/N, 
highest TKN) 

Not recommended (C/N too 
high + lignocellulosic structure) 

Composting Recommended (optimal C/N, high labile C) Possible as N-rich co-amendment 
for husks 

Recommended with N-rich co-
amendment 

Vermicomposting Possible but not prioritized, ecotoxicity 
threshold  ≤ 30% (w/w) limits feasibility  

Feasible  Feasible 

Priority constraint High sugar content = rapid acidification risk 
(OLR control required) + ecotoxicity limits 
vermicomposting  

Very high moisture (5.82% DM), 
dewatering required 

High  C/N (37.15), co-amended 
required 

Recommended 
pathway 

Anaerobic digestion (co-digestion with cattle 
manure) or composting 

Anaerobic digestion or co-
composting with husks 

Co-composting with sludge or 
cattle manure 

ND = not determined; OLR = organic loading rate; FM = fresh matter; DM = dry matter
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5. Conclusion 

This study simultaneously quantified the mass flows and determined the physicochemical 
characteristics of three solid byproducts generated during neem (Azadirachta indica) 
biopesticide production (pulps, depulping sludge, and husks) and conducted a preliminary 
ecotoxicity assessment of neem fruit pulps on Eisenia fetida to establish a maximum 
incorporation threshold for vermicomposting. The three byproduct fractions collectively 
represent 48.79% of the dry mass of processed neem fruits, with pulps as the dominant fraction 
(39.14%), followed by husks (7.21%) and depulping sludge (2.44%). All three fractions 
exhibited high organic matter content (76.87-81.50% DM) and C/N ratios ranging from 24.52 
to 37.15, confirming their suitability as substrates for biological valorization. The preliminary 
ecotoxicity assessment revealed a significant dose-dependent increase in Eisenia fetida 
mortality above a pulp incorporation rate of 30% (w/w), establishing this value as the maximum 
safe operational threshold for earthworm-based processing of neem fruit pulps. 

To the best of our knowledge, this study provides three original contributions to the literature. 
First, it is the first simultaneous quantification and physicochemical characterization of all three 
byproduct fractions from a neem biopesticide processing unit operating under real wet-
depulping conditions. Second, depulping sludge, a byproduct specific to wet mechanical 
processing, is characterized here for the first time, filling a complete gap in the available 
literature. Third, this study provides the first empirical determination of an ecotoxicological 
incorporation threshold for neem fruit pulps in an Eisenia fetida-based vermicomposting 
system, resolving a critical operational unknown that previously prevented the rational design 
of earthworm-based valorization systems for these residues. 

Based on the integrated physicochemical and ecotoxicological evidence generated in this study, 
fraction-specific valorization pathways are recommended. Pulps, are best suited for anaerobic 
digestion, preferably in co-digestion with cattle manure to correct the C/N ratio and buffer the 
risk of process. Depulping sludge is recommended for anaerobic digestion or as a nitrogen-rich 
co-amendment in husk composting. Husks are best valorized through co-composting with a 
nitrogen-rich co-amendment such as depulping sludge or cattle manure. 
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