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Abstract  Herbal waste produced during the man-
ufacturing of herbal products is a potential feed-
stock for anaerobic digestion due to high amount of 
organic matter that can be transformed into biogas as 
an energy resource. Therefore, the present study was 
undertaken to convert herbal waste produced during 
the manufacturing of common of Ayurveda prod-
ucts into biogas through anaerobic digestion process 
using batch test study under controlled mesophilic 
temperature conditions of 35 °C with food to inocu-
lum ratio of 0.75. The maximum biomethane poten-
tial (BMP) of 0.90 (gCH4COD/g CODfed) and sludge 
activity of 0.70 (gCH4-CD/gVSS) was exhibited by 
WS herbal waste owing to its high chemical oxygen 
demand (COD) of 4  g/g and better solubilization 
potential of the organic matter showing change in vol-
atile suspended solids (ΔVSS) of 79%. On the other 
hand, the waste derived from the TA herb, exhibited 
the least biogas yield of 0.55 (gCH4COD/g CODfed) 
and sludge activity of 0.40 (gCH4-CD/gVSS), albeit 
with higher organic matter present. This was due to 

the possible hindrance of waste solubilization by the 
presence of lignin. The waste derived from VVL and 
PE showed intermediate BMP and sludge activity. 
The methane generation rate constant (k), a key indi-
cator of the biodegradation potential, was also evalu-
ated. The k values showed similar trend as of BMP 
values ranging from 0.081 to 0.15 d−1 thus indicating 
the influence of presence of lignin and the change in 
ΔVSS. The present study proves anaerobic digestion 
to be an alternative treatment method to be a mile-
stone for management of herbal wastes and can be 
successfully implemented on real-scale systems.

Keywords  Herbal waste · Anaerobic digestion · 
Batch test · Sludge activity

Introduction

Effective and all-around management of herbal 
waste is necessary for leveraging sustainability 
goals. Plant-based medicine for the primary health-
care is increasingly used owing to its negligible side 
effects and being less expensive (Duraipandiyan 
et  al., 2006; Wayland, 2001). A significant amount 
of herbal waste is generated currently from the 
herbal/Ayurvedic manufacturing industries. Herbal 
waste, a category of biomedical waste, is produced 
from the harvesting and sequential processing of 
various types of herbs. This includes an array of 
different parts of the herbs, viz., the leaves, stems, 
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roots, flowers, and even the fruits of medicinal 
plants (Bekdaş & Karaboyacı, 2019; Franz et  al., 
2011). Herbal waste can also include the byproducts 
of herbal medicine production, such as discarded 
plant material from the extraction of pharmaceuti-
cal medicine compounds. The complex herbal waste 
from the Ayurvedic medicine industries constitutes 
plant extracts, plant parts, toxic solutes, and heavy 
metal ions. High BOD and COD concentrations 
of these complex herbal waste require appropri-
ate treatment to alleviate environmental contami-
nation. Further, mixing of the waste with oils and 
other waste products during the production creates 
a nuisance. Thus, unplanned and improper disposal 
of herbal waste has the potential to cause several 
environmental impacts, not barring air and water 
pollution and soil contamination (Das et  al., 2017; 
Glassmeyer et  al., 2009; Zuccato et  al., 2006). To 
evade the negative impacts of herbal waste, the 
recent practice is to incinerate the waste; however, 
the incineration of herbal waste emits toxic and car-
cinogenic compounds into the air, which can lead 
to health problems for humans and animals (Chen 
et  al., 2013; Kampa & Castanas, 2008). Moreover, 
the improper disposal of herbal waste can also lead 
to the spread of disease-causing organisms, such as 
bacteria and fungi. Therefore, to address the prob-
lem of herbal waste, implementation of proper dis-
posal method or controlling of such wastes at the 
source is a need of the hour (Ali et al., 2012; Rajan 
et al., 2019).

On the other hand, the overwhelming demand 
for renewable energy has led to the exploration of 
various sources of bioenergy. One of the promis-
ing sources is biogas, a renewable energy source 
that can be harnessed from different wastes through 
anaerobic digestion. Anaerobic digestion is a com-
monly used process for the production of biogas 
from solid (Li et  al., 2011), liquid, and organic 
wastes (Nair et al., 2022; Rajmohan et al., 2021). In 
this method, a bacterial consortium converts com-
plex chemicals into gases like methane and car-
bon dioxide. However, the biogas yield from the 
digestion of some of the solid, liquid, and organic 
wastes can be low, limiting their potential for bio-
energy production (Bharathiraja et  al., 2018; Mer-
lin Christy et al., 2014). There is no study available 
currently on the potential of biogas production of 
herbal waste by anaerobic digestion process, which 

could alleviate the environmental challenges with 
the herbal waste.

To overcome this challenge, the anaerobic diges-
tion (AD) of herbal waste for biogas production was 
explored for the first time in this study. The aim was 
to improve biogas production efficiency and quality 
while reducing greenhouse gas emissions. An experi-
mental batch test on commonly encountered byprod-
ucts of herbs under mesophilic temperature condi-
tions was carried out.

Materials and method

Materials

The herbal wastes were collected from a leading 
Ayurvedic medicinal manufacturing industry located 
in Guwahati city, Assam, India. The wastes from 
four commonly encountered herbs, viz., Ashwagan-
dha (Withania Somnifera (WS)), Amla (Phyllanthus 
Emblica (PE)), Draksha (Vitis Vinifera Linn (VVL)), 
and Yavani (Trachyspermum Ammi-TA), were col-
lected from the aforementioned industry in solid form 
during August–September 2022 for the present study. 
These herbal wastes are produced in the manufac-
turing of Chyavanprash and other medicines in the 
batch process in this study. The wastes from these 
herbs were chosen as they represent the majority of 
the herbal waste that is disposed of in the landfills or 
the waste dump sites. The collected herbal waste sam-
ples were oven dried for 24 h at 60 °C to reduce the 
moisture content. Thereafter, samples were grinded 
and passed through a 50-micron sieve size and 
finally used 25 g for all the experimental and analy-
sis work. The samples were characterized in terms of 
COD, TOC (Table  1), and substrate concentrations 
(Table  2). Henceforth, the waste samples derived 
from the parent herbs will be referred by their scien-
tific herb names.

Characteristic of the inoculum

For anaerobic digestion, the seed sludge used as 
inoculum was collected from a full-scale wastewater 
treatment plant of 20 MGD (million gallons per day) 
located in New Delhi, India. The reagents required for 
preparing the nutrients or the defined media for the 
batch study was supplied by Hi-Media chemicals. 
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The physiochemical parameters (COD, VSS, pH, and 
TOC) of the herbal waste and sludge were assessed 
as per the methods prescribed in manual of soil and 
solid waste analysis published by Dominant Publish-
ers (India) (Singh et  al., 2015). The characteristics 
of the seed sludge in terms of pH, VSS (volatile sus-
pended solids), N as TKN (total Kjeldahl nitrogen), 
and P (total phosphorus) were determined prior to 
the start-up of batch test experiment. The VSS, TKN, 
and P of the seed sludge was found to be 35%, 2.23%, 
and 3.9%, respectively. However, the pH value of the 
sludge was assessed to be 7.32.

Method

Batch test study

A representative sample of the herbal waste to be 
treated was placed in a sealed reactor vessel with 
a known quantity of inoculum containing micro-
organisms that help in breaking down the waste in 
this batch testing. Serum bottles of 120-mL vol-
ume were used as the reactor, which was filled with 
sludge (inoculum), herbal waste sample, and the 
defined media (nutrient) and acclimatized to ensure 
consistency and homogeneity. A sludge of 5  mL 
and the defined media of 95  mL was used in each 

reactor that were initially filled with the required 
waste. The reactors were filled to its capacity of 
100  mL only to accommodate the rubber stopper 
that was fastened during the batch test. the chemi-
cal oxygen demand (COD), total organic carbon 
(TOC), pH of the herbal waste, and the volatile 
suspended solids (VSS) of the sludge were deter-
mined prior to the commencement of the batch test. 
Further, VSS of the sludge was also estimated after 
the termination of the batch test. The present study 
for anaerobic digestion of herbal waste was carried 
out at a food-to-mass (F/M) ratio of 0.75 that was 
in accordance with Emembolu et  al. (2017) and 
Hamza et  al. (2018), and the defined media was 
prepared in accordance with the available studies 
(Hussain et  al., 2008, Mata-Alvarez et  al., 1992). 
Further, inverted glucose bottles with 500-mL vol-
ume containing 5% NaOH (w/v) with normal tap 
water was used for gas collection. The whole setup 
was placed in a temperature-controlled incubator at 
35 ± 2 °C, as shown in Fig. 1. The anaerobic diges-
tion process continued over a period of 7  weeks. 
During the process, the microorganisms metabolize 
the organic matter of the waste, to produce biogas 
as a byproduct. In order to make the background 
methane correction, the blank reactors containing 
media and sludge were also run parallel. The biogas 

Table 1   Physicochemical characteristics of herbal waste samples used in the present study

Sample type Parameters

Chemical oxygen demand, 
COD (g/g)

Total organic carbon, 
TOC (%)

ΔVSS (diff. of initial and 
final VSS)

pH Lignin (%)

Yavani (TA) 3.2 10.81 59.3 7.2 25
Draksha (VVL) 0.8 8.17 64 7.3 17
Amla (PE) 2.4 10.09 74 7.8 11.7
Ashwagandha (WS) 4 12.59 79 7.2 9.9

Table 2   Summary of results with methane generation rate constant at 0.75 F/M ratio

Sample type Substrate concen-
tration (g/L)

k (d−1) CH4-COD (g/L 
@ STP)

CODfed (g/L) BMP (g 
CH4COD/g 
CODfed)

Sludge activity 
(gCH4-CD/gVSS)

Yavani (TA) 0.25 0.081 1.02 1.6 0.55 0.40
Draksha (VVL) 0.20 0.094 1.16 0.8 0.64 0.48
Amla (PE) 0.50 0.093 1.80 2.4 0.75 0.56
Ashwagandha (WS) 0.95 0.150 1.24 0.6 0.90 0.70
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production was monitored after every 24 h using the 
water replacement method and the volume of biogas 
produced in each reactor was recorded. In order to 
assess the effectiveness of the anaerobic digestion 
process, the routine parameters including pH and 
temperature were also monitored regularly. All the 
experiments in the present study were carried out in 
triplicate samples and average of the close two val-
ues were reported in the results.

Statistical analysis

The data analysis was carried out using statisti-
cal software in order to determine the significance 
of the results. The methane generation rate constant 
was also assessed using nonlinear regression with the 
Quasi-Newton algorithms. The methane generation 
rate was assessed using the equation described below:

where Ymax is the maximum methane produced (mL), 
Yt is the cumulative CH4 produced in time t (mL), Y0 
is the initial methane generation (mL), k is the meth-
ane generation rate constant (d−1), and t is times (d).

Results and discussion

Characteristics of feedstock and substrate

The physiochemical characteristics of herbal waste 
(COD, TOC, and pH) and sludge (VSS and pH) were 
determined and summarized in Table 1. The observed 
data revealed that the maximum and minimum 
COD concentration was exhibited by WS and VVL 

(1)Y
t
=

(

Y
max

× Y0

)

(

Y0 +
(

Y
max

− Y0

)

.e−kt
)

Fig. 1   Batch test study 
experimental set-up under 
mesophilic temperature 
conditions (2D)
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samples, respectively (Table  1). Moreover, the TOC 
lies in the range of 12.59 to 8.17 for the studied sam-
ples. The WS waste exhibited a maximum TOC of 
12.59%, while the waste derived from VVL showed 
the lowest TOC (8.17%). The COD and TOC of TA 
and PE exhibited intermediate physicochemical char-
acteristics. This gives an indication that a significant 
organic matter is present in WS and TA in compari-
son to VVL and PE.

The difference in volatile suspended solids (ΔVSS) 
of the sample before commencement and after termi-
nation of the batch test was also measured (Table 1). 
The difference in the VSS indicate the solubilization 
potential of organic waste matter for volatile fatty 
acid production which subsequently plays a signifi-
cant role in biogas production. The maximum solu-
bilization of the waste organic matter was observed 
in WS as inferred from the ΔVSS value. However, the 
least solubilization of the waste occurred for TA as 
the ΔVSS was minimum (Table 1). Further, the ΔVSS 
value indicate that PE and VVL would exhibit inter-
mediate waste solubilization potential. The pH of all 
the studied samples ranged from 7.2 to 7.8. The afore-
mentioned parameters were evaluated as these would 
be useful in understanding the mechanism behind 
the methane generation potential for a given sample 
which was discussed in the following sections.

Batch test result

Methane generation rate constant (k)

The methane generation rate constant k (d−1) indi-
cates the biodegradability rate of a sample in terms of 
conversion of organic matter for the methane genera-
tion. The temporal variation of the cumulative meth-
ane gas output was presented in (Fig. 2a). The meth-
ane generation rate constant was determined with 
the help of Eq. 1, using the Ky plot software (Kumar 
et  al., 2016). The software minimizes the error 
between the measured experimental data and theoreti-
cal plots for an optimized value of k. The results indi-
cate that the theoretical plots were in well agreement 
with the experimental data, and therefore the obtained 
k is deemed to be reliable.

The estimated k value is a key indicator of the bio-
degradation potential of the studied waste samples. 
A higher k value of 0.15 d−1 was exhibited by WS, 

which corroborated with the initial physicochemical 
indicators (Table 1). Interestingly, the k value of TA 
was lesser than VVL and PE although TA exhibited 
higher organic matter as indicated by COD and TOC 
values. Hence, higher COD and TOC values need 
not necessarily be a key indicator for the long-term 
methane generation process. In other words, herbal 
waste having higher COD and TOC value might not 
lead to higher methane gas generation. This is owing 
to the solubilization potential of waste samples dur-
ing the anaerobic digestion process. The TA exhibited 
a lower solubilization potential in the acidogenesis 
stage (less ΔVSS), and therefore, it contributed mar-
ginally to the production of methane. Further, as the 
ΔVSS of VVL and PE was higher than Yavani; simi-
larly, the k value was also observed to be relatively 
higher (Fig. 2b).

Biochemical methane potential (BMP) and sludge 
activity

The substrate’s anaerobic degradation rate was also 
assessed in terms of its biochemical methane potential 
(BMP), or the amount of methane generation per 
gram of COD degradation (gCODfed) after a specific 
period. The quantity of CH4 (mL) at STP is converted 
to g CH4-COD and the ratio of gCH4-COD/gCODfed 
was termed as biochemical methane potential 
(Table  2). The biochemical methane potential of all 
the samples lies in the range of 0.55 to 0.90. The 
maximum BMP of 0.90 observed in WS while the 
minimum BMP of 0.55 was observed in TA (Fig. 3). 
An intermediate BMP was exhibited by VVL and PE.

Sludge activity is another parameter represented 
as CH4 (mL) or g of CH4-COD produced per gram 
of VSS (sludge). Higher methane production indi-
cates better methanogenic activity. A sample with 
good sludge activity results in a greater breakdown 
of organic compounds, converting them into simpler 
compounds, such as biomass and CO2.

It is a parameter that generated by multiplying 
BMP values by F/M as presented in Eq. 2:

(2)
BMP ×

F

M
=

g CH4 − COD

g CODfed

×
g CODfed

g VSS (sludge)

=
g CH4 − COD

g VSS
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The sludge activity values of all the samples in 
the present study lies in the range of 0.40 to 0.70 g 
CH4-COD/gVSS. The maximum sludge activity was 
observed in WS while the minimum sludge activ-
ity was observed in TA sample (Fig. 4). The BMP 
and sludge activity of WS were the highest possi-
bly owing to the higher organic content (TOC and 
COD) that reflects the presence of a greater quan-
tity of organic compounds in the substrate. Thus, 
a higher organic content provides a larger pool of 
potential substrates for methanogenesis, resulting in 

increased methane production. On the other hand, 
the least BMP and sludge activity was exhibited by 
TA; notwithstanding its higher organic content than 
VVL and PE, this was due to the lesser reduction in 
the VSS of the sludge after the completion of anero-
bic digestion process. Higher organic content need 
not necessarily result in higher solubilization of the 
organic matter due to the presence of higher lignin 
content (Table 1). Therefore, a less reduction in the 
VSS was exhibited by TA in contrast to VVL and 
PE and hence lesser BMP and sludge activity.

Fig. 2   a Comparison of 
experimental and theo-
retical values of k (Yavani, 
Draksha, Amla, Ashwa-
gandha). b Comparison of 
methane generation rate 
constant values of different 
samples.
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Conclusion

The present study reveals that the herbal waste can 
be degraded anaerobically under mesophilic tempera-
ture conditions with 55 to 90% overall conversion of 
organic matter to methane in a period of ~ 50–60 days. 
Of all the studied wastes, the maximum methane pro-
duction and sludge activity was observed for Ashwa-
gandha (WS) and the least was exhibited by Yavani 
(TA). The other two studied wastes, viz., Draksha 
(VVL) and Amla (PE), showed intermediate biom-
ethane potential and sludge activity. Higher organic 
content was understood to be the dominant factor for 
maximum BMP of Ashwagandha (WS). On the other 
hand, the presence of higher lignin content in Yavani 
(TA) posed a severe hindrance for the biogas yield. 
Also, Yavani (TA) exhibited least BMP in spite of the 

presence of relatively higher organic matter than VVL 
and PE. Therefore, it is presumed that the prediction 
of biogas yield and BMP values generally depends on 
the reduction of VSS after anaerobic digestion rather 
than presence of COD and TOC in a system. The 
study for the first time revealed that herbal waste from 
plant herbs is a sustainable and effective approach to 
producing biogas through anaerobic digestion. The 
methane generation rate was considerably high under 
the studied temperature conditions. Moreover, it was 
observed that the generation rate of the biogas from 
the herbal waste was influenced by the presence of 
lignin, organic content, and the difference of the vol-
atile suspended solids in the sludge. This study will 
further pave the way for future research on utiliz-
ing herbal waste and transforming such waste into a 
value-added product. Moreover, the other by-products 

Fig. 3   Comparison of 
biochemical methane poten-
tial values of herbal waste 
samples
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of the anaerobic digestion, viz., compost can be uti-
lised as fertilizers in soils for better crop yield.
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