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Abstract

Roots and stems comprise a large proportion of traditional Chinese medicines and often serve as the energy storage units
of plants. However, their decoction residues still contain a significant amount of starch, and direct landfilling, incineration,
or carbon disposal results in a wastage of resources. In this study, five types of starch-rich traditional Chinese medicine
decoction residues (TCMDRs)c, namely, Radix Isatidis Rhizoma Dioscoreae, Rhizoma Corydalis and Fritillaria Thunber-
gii. Radix Paeoniae Alba were screened and hydrolyzed using amylase-glucoamylase to produce fermentable sugar. The
resulting glucose yields were 87.54%, 84.51%, 85.14%, 82.55%, and 87.75%, respectively. The enzymatic hydrolysate, after
flocculation-decolorization treatment, was used to produce D-lactic acid and ethanol, resulting in a concentration and yield
of 121.11 g/L (0.97 g/g) and 54.17 g/L (0.49 g/g), respectively. When single or mixed starch-rich TCMDRs were directly
used as feedstocks for ethanol production via simultaneous saccharification and fermentation (SSF), they exhibited similar
ethanol fermentability, with yields ranging from 0.33 to 0.43 g/g. The SSF residues were thermochemically transformed
into biochar with a specific surface area of 89-459 m%/g to reduce secondary waste generation. The utilization value of
starch-rich TCMDRs was significantly improved through the implementation of enzymatic hydrolysis to produce ferment-
able sugars, anaerobic fermentation to produce D-lactic acid and ethanol, and the utilization of fermentation residues for
biochar production.
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1 Introduction

In recent years, traditional Chinese medicine (TCM) and
its active ingredients have attracted significant attention for
their potential anti-inflammatory [1] and antiviral effects [2],
tumor growth inhibition, cancer treatment [3], and the treat-
ment of liver disease [4, 5], atherosclerosis [6—8], and other
diseases. Consequently, a substantial amount of decoction
residues have been generated. Statistics show that the annual
discharge of traditional Chinese medicine decoction resi-
dues (TCMDRs) in China is 60—70 million tons. TCMDRs
represent a growing type of solid waste with unique proper-
ties, and their effective disposal can help reduce environ-
mental pollution. Furthermore, the production of high-value
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products from TCMDRs can yield economic benefits and
promote a virtuous cycle within the Chinese medicine
industry.

Except for a small amount of animal-origin and mineral
Chinese medicine [9], TCM primarily originates from plants,
including whole plants (Houttuynia cordata, plantain, and
other whole-grass medicine), flowers, seeds, fruits, stems,
and roots. The decoction residues of TCM usually contain
lignocellulose. For example, Li et al. [10] summarized the
lignocellulosic components of various monomers and mixed
TCM, reporting 19.3-48.0% cellulose content, 10.6-32.2%
hemicellulose content, and 9.2%—42.3% lignin content.
Wang et al. [11] analyzed the cellulose, hemicellulose, and
lignin components in ginseng residue after decoction, reveal-
ing percentages of 49.52 + 1.46%, 12.56 + 0.36%, and 21.30
+ 0.02%, respectively. Polysaccharides, ginsenosides, and
succinic acid were subsequently co-produced from the gin-
seng residue. Zhang et al. [12] examined the lignocellulose
components ofGlycyrrhiza uralensis,Sophora flavescens,
andRadix isatidis after decoction, revealing approximately
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19-28% cellulose, 15-23% hemicellulose, and 30-43%
lignin. These residues can be utilized as substrates for Peni-
cillium oxalicum G2 fermentation to produce cellulase. Li
et al. [13] systematically measured the lignocellulose content
of 40 typical TCMDRs and found that 28 types had lignocel-
lulose content exceeding 50%, accounting for 70.0%. Nota-
bly, some rhizomatous TCMDRs were found to have high
starch content. Currently, the extensive treatment of waste
resources, such as starch-rich TCMDRs, involves incinera-
tion, stacking, and landfilling, all of which contribute to sig-
nificant pollution and resource wastage [14, 15].

Starch-rich wastes can be converted into glucose [16],
which can then be fermented to produce L-lactic acid [17],
ethanol [18], succinic acid [19], and hydrogen [20]. Alter-
natively, they can undergo chemical catalysis to produce
HMF [21], LA [22], methyl lactate [23], dehydrating sugar
[24], and other bio-based platform compounds. Recently,
He et al. [25] employed a hydrolysate of starch-rich solids
from kitchen waste to prepare a superhydrophobic stearic
acid-modified BC aerogel (S-BCA) for adsorbing cooking
oil. S-BCA exhibited a significant saturated oil adsorption
capacity of 48.2 g/g and demonstrated superior recyclabil-
ity for at least 10 cycles, with 89% of the initial adsorption
capacity retained. Additionally, Karim et al. [26] investi-
gated and assessed the potential use of cassava peel and
bagasse as alternative biodegradable food packaging materi-
als. Furthermore, Zhang [27] and Qiao [28] prepared biochar
from starch-rich food waste and used it to effectively remove
tetracycline antibiotics (TCs) from water and produce elec-
trode materials with a high specific capacitance.

However, the utilization of starch-rich TCMDRs has long
been neglected because the starch content of TCMDRs is
unknown and they are frequently mixed with other TCMs.
Based on previous studies, we screened five types of starch-
rich TCMDRs and used a-amylase and glucoamylase to pro-
duce sugars from single and mixed starch-rich TCMDRs.
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Following the flocculation-decolorization treatment, the
enzymatic hydrolysate of mixed TCM residues could be
employed for ethanol and D-lactic acid fermentation. To
simplify the treatment process, we investigated simultaneous
saccharification and fermentation (SSF) to produce ethanol
directly using mixed starch-rich TCMDRs as raw materi-
als for fermentation. To prevent secondary environmental
damage and achieve comprehensive utilization of starch-rich
TCMDRs, the residue obtained after the SSF process with
ethanol was used to produce the corresponding biochar via
hydrothermal carbonization, and the biochar was subse-
quently characterized (Scheme 1).

2 Materials and methods
2.1 Materials

Radix Isatidis (RI), Rhizoma Dioscoreae (RD), Rhizoma
Corydalis (RC), Fritillaria Thunbergii (FT), and Radix
Paeoniae Alba (RPA) were purchased from Anhui Bozhou
Anbo Pharmaceutical Co., Ltd. a-Amylase and glucoamyl-
ase were purchased from Sigma-Aldrich. Cornstarch, amyl-
ose, yeast extract, peptone, dry corn pulp powder, bran,
activated carbon, and glucose were purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd. All other
chemical reagents were purchased from Nanjing Wanqing
Chemical Glass Instrument Co., Ltd.

2.2 Biomass analysis of starch-rich TCMDRs

(1) Determination of lignocellulose components

The contents of glucan (cellulose and starch), hemicel-
lulose, and lignin in the different TCMDRs were determined
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using NREL’s laboratory analytical procedures [29] and bas-
ing on our previous report [24].The calculation followed the
equation of the NREL method, and results for each sample
were expressed as the mean of three replicates.

(2) Determination of gelatinized starch content

Based on the enzymatic liquefaction and saccharification
of cornstarch, the starch components in starch-rich TCM-
DRs were sequentially degraded into glucose by a-amylase
(EC 3.2.1.1) and glucoamylase (EC 3.2.1.3); the starch con-
tents in TCMDRs were calculated from the determined glu-
cose concentration. The detailed experimental procedures
are referred to the “Supplementary information.”

2.3 Optimization of enzymatic hydrolysis
conditions and pretreatment

The enzymatic hydrolysis conditions of the starch-rich
TCMDRs were optimized, and the liquefaction process
remained unchanged. The effects of enzymatic hydrolysis
parameters such as temperature, pH, enzyme dosage, and
reaction time were evaluated using the yield of glucose.
The glucose yield from starch-rich TCMDRs was calculated
using the following equation:

Glucose content

lucose yield (%) =
£ Y (%) (starch content + cellulose content)

The flocculant AICl; then was added to the enzymatic
hydrolysate of the RI residue at a proportion of 2%, and the
flocculated mixture was centrifuged for 5 h at 50 °C. The
supernatant was mixed with 2 g/100 g of activated carbon
and decolorized at 50 °C.

2.4 Preparation of D-lactic acid from enzymatic
hydrolysate

Based on Zheng [30] et al.’s report,Sporolactobacillus
YBS1-5 was cultured in a medium (glucose, 20.0 g; yeast
extract, 2.0 g; peptone, 2.0 g; dry corn pulp powder, 5.0 g;
bran 2.0 g; MgSO, 0.2 g/L; pH 7.0). The culture sealed with
liquid paraffin and incubated on a shaking bed at 37 °C and
150 rpm for 16 h. Subsequently, 10% (v/v) of the culture was
added to a 1-L fermentation medium (hydrolysate glucose,
125.0 g; yeast extract, 10.0 g; dry corn pulp powder, 15.0 g;
MgSO,, 0.5 g; CaCOj, 90.0 g/L; pH 6.0) in a 2-L fermenter,
which was sealed with liquid paraffin and cultured at 37 °C.
Samples were collected every 24 h to measure the pH, bacte-
rial concentration, residual glucose, and D-lactic acid yield.

A certain amount of fermentation was centrifuged at
12,000 rpm/min for 1 min, the supernatant was discarded,

and the weight of wet bacteria was weighed. Calculation
method of bacterial concentration:

Weight of wet bacteria

Bacterial concentration = -
Volume of fermentation

Calculation method of D-lactic acid yield:

D — lactic acid D — lactic acid concentration |g/L
D — lactic acid yield( glD — lactic acid] > - [e/1]

g[glucose] " initial glucose — final glucose [g/L]

2.5 Preparation of ethanol from enzymatic
hydrolysate or by SSF process

The decolorized hydrolysate was substituted for glucose to
ferment ethanol in a 2-L fermenter. The media consisted
of hydrolysate glucose (100.0 g), CaCl, (11.1 g), KH,PO,
(4.0 g), MgSO,-7TH,0 (0.4 g), and (NH4),S0, (2.0 g/L).
The initial pH was 5.0, and the Angel yeast dosage was
10 g/L.

In the SSF process, starch was added to maintain an
initial glucose concentration of 100 g/L, and the initial
TCMDR dosage was calculated based on the starch con-
tent of the TCMDRs. Based on Silva et al. [31]’s report,
the prepared fermentation media were poured into a 2-L
fermenter and sterilized in a high-pressure steam sterilizer
at 121 °C for 20 min. The fermenter was then removed
when the temperature dropped to 95 °C. High-tempera-
ture-resistant a-amylase (40 U/g) was added, and the rota-
tional speed was set to 500 rpm to initiate the liquefaction.
An iodine chromogenic reaction was used to verify the
complete liquefaction of the starch. After cooling to 37 °C,
the glucoamylase (250 U/g) and Angel yeast (10 g/L) were
added for the SSF process to produce ethanol.

Samples were taken at regular intervals to measure the
pH, bacterial concentration, residual glucose, and etha-
nol yield. The following method was used to calculate the
sugar alcohol conversion:

ethanol concentration [g / L]

thanol
Ethanol yield( glethanol] > =

g[glucose] * initial glucose — final glucose[g/L]

2.6 Preparation of biochar from SSF residues

After SSF process, the ethanol fermentation residues were
washed three times with deionized water, and then dried
for 24 h. Based on the method of Lin and Cui [32, 33],
the dried residues were thoroughly mixed with 25 mL
10% KOH solution at a mass ratio of 1:2. The mixture
was heated to 800 °C at a heating rate of 10 °C/min and
maintained for 4 h in a tube furnace (Lichen, SRJIX-4-13,
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China). The pyrolyzed product was washed with deionized
water until to be neutral and dried at 105 °C.

2.7 Analytical method

Glucose, xylose, arabinose, D-lactic acid, and ethanol were
detected by HPLC (Shimadzu corporation, LC-20A, Japan)
equipped with refractive index detector. Aminex HPX-87H
column was used in column oven at 35 °C, and 5 mM H,SO,
was used as mobile phase with 0.6 mL/min flowing rate.

2.8 Statistical analysis

All statistical analysis was performed with the Origin 2021
package. And results for each sample were expressed as the
mean of three replicates. Values are presented as the mean
+ standard deviation for data.

2.9 Characterization methods

The elemental analysis, proximate analysis, scanning elec-
tron microscopy (SEM), Fourier transform infrared spec-
troscopy (FT-IR), X-ray, and Brunauer-Emmett-Teller
(BET) analysis for SSF residues or biochar were carried
out in accordance with conventional methods. The detailed
experimental procedures can be found in the “Supplemen-
tary information.”

3 Results and discussion

3.1 Analysis of starch content in TCMDRs and sugar
production via enzymatic hydrolysis TCMDRs

Starch in TCMDRs has long been overlooked because it is
often confused with cellulose in the regular NREL method
[24]. For example, both Wang [19] and Jia [34] mistook the
measured glucan as cellulose in Glycyrrhiza uralensis (GU)
and Isatis tinctoria (IT). Subsequently, NREL has revised
its method for determining cellulosic glucan content in
starch-containing samples, but the accuracy of hemicellulose
and lignin was sacrificed [35]. As the utilization difficulty
of starch is obviously different from that of cellulose, it is
necessary to further clarify the content of starch in TCM-
DRs. Cellulose and starch contents were determined using
amylase enzymatic hydrolysis. Based on Li [13]’s analysis
of 40 typical TCM components, we carefully determined
the content of starch, cellulose, hemicellulose, lignin, alco-
hol-soluble components, and ash in five types of starch-rich
TCMDRs (RI, RD, RC, FT, and RPA) (Fig. 1). The starch
content was 62.1 + 3.05%, 81 + 4.21%, 58.5 + 3.67%, 67.5
+4.12%, and 63 + 2.66%, respectively, which accounted for
more than half of the total biomass content. The cellulose
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Fig.1 Biomass analysis of starch-rich TCMDRs

content ranged from approximately 8.84 + 0.23% to 12.37 +
0.67%, with the total glucan content exceeding 70%. This is
related to the fact that the TCMDRs itself is rhizome, which
is the energy storage structure of the plant and contains a lot
of starch. The alcohol-soluble component and ash contents
were less than 5%. It was reported that the lignocellulose
content and especially the ratio of total structural carbo-
hydrates to lignin content (TSC/L) in cellulosic biomass
feedstocks can have significant impacts on the fuel ethanol
process design and economics [36]. The TCS/L ratios of five
starch-rich TCMDRs were greater than 12, which were bet-
ter than or comparable to those of other raw materials with
bioenergy potential recommended by the DOE, such as rice
straw (4.39) [37], corn straw (3.88) [38], and wheat straw
(7.56) [39]. Additionally, we determined the amylose con-
tent in TCMDRs because it is better at enzymatic hydrolysis
into sugar. All amylose content were less than 25% (Sup-
plementary information Table S1), lower than that of corn
starch (30.59 + 2.79%), and more similar to the composition
of potato starch [40]. This suggests that these starches differ
slightly from cornstarch in terms of sugar production via
enzymatic hydrolysis.

Taking the RI residue as an example, the effects of enzy-
matic hydrolysis parameters, such as temperature, pH,
enzyme dosage, and reaction time, were evaluated. The
result shows that the maximum glucose yield was 87.45%
under the conditions of 60 °C, pH 5, and 250 U/g glucoam-
ylase addition for 4 h (Supplementary information Fig. S2
and Fig. 2). These conditions were used to hydrolyze other
starch-rich TCMDRs, and the glucose yields were as fol-
lows: RD, 84.51%; RC, 85.14%; FT, 82.55%; and RPA,
87.75% (Fig. 2). Furthermore, five types of starch-rich
TCMDRs were mixed in equal proportions and hydrolyzed,
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Fig.2 Glucose yield from the single and mixed starch-rich TCMDRs
via enzymatic hydrolysis
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maximizing glucose retention. Consequently, the glucose
recovery reached 96%, color was reduced by 73.3%, and a
clear enzymatic hydrolysate was obtained.

3.2 Preparation of ethanol and D-lactic
acid from mixed enzymatic hydrolysate
via anaerobic fermentation

After decolorization, the mixed enzymatic hydrolysate can
produce bio-based fuels, platform chemicals, and polymer
monomers through fermentation. Compared to aerobic fer-
mentation, anaerobic fermentation offers advantages such
as facile operation, no oxygen requirement, and high yields
of ethanol [42] and D-lactic acid [43]. In this study, we
investigated the availability of ethanol and D-lactic acid
via anaerobic fermentation of a mixed hydrolysate. Ethanol
and D-lactic acid fermentation were conducted in a 2-L fer-
menter with initial 11% and 12.5% glucose from the mixed
hydrolysate, respectively, and the results are shown in Fig.
4. During ethanol fermentation (Fig. 4a), the total consump-

2 W

\

sugar liquid

4

Fig.3 Pretreatment of the enzymatic hydrolysate of the mixed starch-rich TCMDRs

resulting in glucose yields exceeding 80%. The glucose
yields are lower than that of corn starch (95%) [ 41], which
may be related to the structure and composition of the starch
itself. This indicates that these starch-rich TCMDRs can be
collected and hydrolyzed in a consolidated manner. Con-
sequently, this not only overcomes the limitation of having
a small quantity of decoction residues from a single TCM
variety but also substantially reduces the sorting workload.

For the enzymolysis of lignocellulosic waste biomass,
there are often a lot of pectin, proteins, and insoluble debris,
which need to be pretreated in order to better apply to the
subsequent fermentation. After the enzymatic hydrolysis
of TCMDRs, it may even contain a small amount of tra-
ditional Chinese medicine active ingredients that have
not been completely extracted, so further pretreatment is
needed. The mixed enzymatic hydrolysate was processed
using flocculant AICl; and activated carbon (Fig. 3). This
process removed macromolecules and reduced color while

tion of glucose was reduced to 0 g/L after 16 h, and the
ethanol concentration reached a peak of 54.17 g/L at 24 h.
The ethanol yield was 0.49 g ethanol/g glucose, which is
close to the theoretical yield of 0.51 g ethanol/g glucose
[44]. This ethanol yield was higher than that of potato peel
wastes (0.32g/g) [45], cassava residue (0.447g/g) [46], and
oil palm trunk (0.31g/g ) [47]. For D-lactic acid fermenta-
tion (Fig. 4b), all glucose was consumed after 140 h, and
the D-lactic acid concentration reached a peak of 121.11
g/L at 170 h. The D-lactic acid yield was 0.97 g D-lactic
acid/g glucose, which is close to the theoretical yield of 1.0
g D-lactic acid/g glucose. The D-lactic acid yield obtained
from the enzymatic hydrolysate of the TCMDRs used as a
carbon source substrate was even higher than that achieved
through L-lactic acid fermentation from other starchy raw
materials, such as potato [48], beet juice [49], sugarcane
molasses [50], bagasse [51], and corn stalk [52, 53].
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Fig.4 a pH, ethanol, bacterial, and glucose concentrations during
ethanol fermentation using the decolorized enzymatic hydrolysate.
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D-lactic acid fermentation using the decolorized enzymatic hydro-
lysate

3.3 Preparation of ethanol from starch-rich TCMDRs
via the SSF process

Currently, the SSF process, which combines the enzyme-cat-
alyzed conversion of starch into sugar and yeast fermentation
of ethanol, is widely used to produce ethanol from starch
fermentation [54]. SSF minimizes the inhibition caused by
high-glucose concentrations during the initial fermentation
stage, shortens the fermentation cycle, and reduces the risk
of microbial contamination [55]. In this study, 100 g of corn
starch and single or mixed TCMDRs containing 100 g of
starch were used as carbon resources to evaluate the feasi-
bility of the SSF ethanol process. The results are presented
in Fig. 5a-b.

All starch-rich TCMDRs were suitable for the SSF etha-
nol process. During the saccharification process (within 6 h),
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the glucose content of TCMDRSs as raw material fluctuated
slightly. In contrast, cornstarch exhibited the highest glucose
concentration of 75 g/L after 3 h, which was significantly
higher than that of single or mixed starch-rich TCMDRs as
carbon resources (Fig. 5a). This may be because commer-
cially available corn starch is easily degraded, whereas the
starch in TCMDRs is not extracted and tightly bound to lignin
and other substances. This resulted in relatively low enzymatic
hydrolysis efficiency and stable glucose release and consump-
tion. Except for corn starch, the glucose content of the TCM-
DRs was reduced to 0 g/L after 21 h. The maximum ethanol
concentrations from RI residue, RD residue, RPA residue,
RC residue, FT residue, and corn starch as carbon resources



Biomass Conversion and Biorefinery

Table 1 Elemental analysis of

R Fermentation N (%) C (%) H (%) S (%) 0 (%) H/C o/C (N + 0)/C
SSF ethanol process residues residue Samples
SSF
RI 1.69 38.55 5.94 0.19 42.79 0.15 1.11 1.15
FT 3.01 40.63 6.17 0.32 42.62 0.15 1.05 1.12
RPA 0.74 37.06 5.55 0.06 43.58 0.15 1.18 1.20
RC 3.44 40.30 5.69 0.36 41.08 0.14 1.02 1.10
RD 1.93 38.13 6.01 0.14 42.88 0.16 1.12 1.18

after 24 h were 39.64, 33.25, 36.19, 42.86, 37.84, and 41.09
g/L, respectively (Fig. 5b). The corresponding ethanol yields
were 0.40, 0.33, 0.36, 0.43, 0.38, and 0.41 g/g, respectively.
Additionally, the ethanol concentration and yield from the
mixed TCMDRs as carbon resources reached 40.42 g/L and
0.40 g/g, respectively. Compared to the decolorized enzymatic
hydrolysate, TCMDRs exhibited a lower ethanol yield in the
SSF process. However, the ethanol yield of starch-rich TCM-
DRs as feedstock was still higher than that of other reported
wastes, such as pomegranate peel (12.9 g/L), coconut shell
(8.65 g/L), mango kernel (3.986% v/v) [56-58], and similar
to kitchen waste [59, 60]. Therefore, it is feasible to employ
starch-rich TCMDRs as feedstocks for biofuel ethanol produc-
tion using the SSF process, whether in single or mixed forms.

3.4 Preparation of biochar from ethanol
fermentation residues

Apart from utilizable starch, TCMDRs also contain non-
degraded components such as cellulose, hemicellulose, and
lignin, which remain as residues after SSF [61]. After drying,
the five types of fermentation residues accounted for 30-50%
of the initial weight. The elemental analysis results reveal that
C, H, and O were the main components, with contents rang-
ing between 37.06-40.63%, 5.55-6.17%, and 41.08-43.58%,
respectively (Table 1). The H/C and O/C ratios of the fermenta-
tion residues were 0.14-0.16 and 1.02-1.18, respectively. The
infrared spectrum revealed that these residues still contained
abundant hydroxyl (3300 cm™) and carbonyl groups (1700
cm™) (Fig. 6a). The diffraction peaks at 21.4° observed in the
five types of fermentation residues are characteristic of cellu-
lose and hemicellulose (Supplementary information Fig. S3a).

If not handled properly, fermentation residues can impose
additional burden on the environment. Carbonization tech-
nology is an important method for the waste utilization of
fermentation residues, which can eliminate the influence of
fermentation residual microorganisms. The obtained biochar
can be used in TCM cultivation to increase the content of sec-
ondary metabolites in Chinese medicinal materials and allevi-
ate issues related to continuous cropping [62]. Therefore, we
used high-temperature carbonization to transform the fermen-
tation residues into biochar (in a tubular furnace at 800 °C for
4 h at a heating rate of 10 °C/min). The yield and elemental

analyses of the biochar prepared from the fermentation resi-
due are shown in Table 2. The biochar yields ranged between
23 and 33%. The content of C, O, and H of the biochar pro-
duced from various fermentation residues was 77.86-81.29%,
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Fig.6 a The FT-IR spectrum of ethanol fermentation residues. b
The FT-IR spectrum of biochars
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Table2 Elemental analysis of Biocharsamples N (%) C(%) H(%) S%) O(%) HIC 0/C (N+0)/C Yield%)
the five types of biochar

RI 3.26 8128 0.72 0.17 820  0.0089 0.1008 0.1410 25.35
FT 3.82 77.86 0.87 0.09 10.08 0.0128 0.1485 0.2048 29.02
RPA 2.08 78.30 0.66 013 877 0.0097 0.1284 0.1589 31.75
RC 350  79.96 0.69 0.09 751 0.0099 0.1073 0.158 33.7

RD 1.58 8129 140 0.15 1294 0.0228 0.2111 0.2369 23.56
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Fig.7 SEM image of the five types of biochar
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Table 3 Pore volume, pore size, and specific surface area of the bio-
char

Biochar sam-  Pore volume Pore size Specific Reference
ples (cm3/g) (nm) surface area

(m%g)
RI 0.21 491 345.72 --
FT 0.16 5.23 229.97 --
RPA 0.15 5.11 255.56 --
RC 0.16 7.35 89.79 --
RD 0.23 7.81 459.15 --
RI 0.0178 37.23 11.80 [63]
Astragalus 0.187 - 203.70 [64]
Danshen 0.068 3.87 70.3 [65]
Clematis 0.063 7.97 31.74 [66]

8.2-12.94%, and 0.66-1.4%, respectively. The H/C and
O/C of the biochar greatly decreased to 0.0089-0.0228 and
0.1008-0.2111, respectively, which indicates that the biochar
formed an aromatic structure and its hydrophobicity was
enhanced. The infrared spectra also showed that the peaks of
the hydroxyl and carbonyl groups were significantly reduced
(Fig. 6b). The XRD results showed that the diffraction peak
became wider and weaker at 21.4°, and a new diffraction peak
appeared at 43.5° after carbonization at high temperatures
(Supplementary information Fig. S3b). This was ascribed to
the destruction of the microcrystalline structure of cellulose in
the fermentation residue after carbonization and the increase
in aromatization. The SEM images also show that the biochar
had a certain surface concave structure with pore sizes ranging
from 1 to 10 pm (Fig. 7).

The pore volume, pore size, and specific surface area of
the biochar prepared from the five types of ethanol fermen-
tation residues are listed in Table 3. The specific surface
areas of the biochar from the RI, FT, RPA, RC, and RD
fermentation residues were 345.72, 229.97, 255.56, 89.79,
and 459.15 m?/g, respectively. In comparison, biochar pre-
pared directly from TCM decoction residues exhibits a low
specific surface area [63—66]. Similar to the biochar derived
from Danshen residues [65], the specific surface areas, pore
volumes, and pore diameters were 70.3m?/g, 0.068 cm?/g,
and 3.87 nm, respectively. This is mainly because after enzy-
matic hydrolysis and microbial utilization, the fermentation
residue is more conducive to the formation of porous struc-
tures. This biochar is expected to have promising applica-
tions in soil improvement and sewage adsorption.

4 Conclusion

In conclusion, we propose a comprehensive utilization
approach for starch-rich TCMDRs for the production of
fermentable sugars via enzymatic hydrolysis, production of

ethanol and D-lactic acid via anaerobic fermentation, and
generation of biochar from fermentation residue via ther-
mochemical transformation. The glucose yields from both
single (RI, RD, RC, FT, and RPA) and mixed starch-rich
TCMDRs exceeded 80%. The enzymatic hydrolysates of
mixed TCMDRs, after flocculation-decolorization, were
used to prepare ethanol and D-lactic acid through anaerobic
fermentation, achieving yields close to the theoretical val-
ues. Furthermore, when single or mixed starch-rich TCM-
DRs were directly used as feedstocks for ethanol production
via SSF, they exhibited similar ethanol fermentability, with
yields ranging from 0.33 to 0.43 g/g. Additionally, by car-
bonizing the fermentation residue at high temperatures, bio-
char with a high specific surface area was obtained, which
can be applied for pollutant removal, soil improvement, and
addressing the challenges of continuous cropping in TCM.
This approach will be further applied to the treatment of
starch-rich Chinese patent medicine decoction residues, such
as Ramuli Cinnamimi and Poriae (Guizhi Fuling).
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