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Abstract

The pretreatment of lignocellulosic biomass generates inhibitory compounds that severely
limit the efficiency of subsequent enzymatic biocatalytic conversions during fermentation.
Biochar can be used for inhibitor removal by adsorption, but its efficiency depends on
tailored process conditions. In this study, the cow manure biochar (CMB) was applied in
the detoxification of prehydrolysate generated from dilute acid pretreatment of corn stover,
and the detoxification process was optimized by the response surface method (RSM). At
the optimal detoxification condition (53 °C, 118 min, and the biochar loading of 4.5% w/v),
the detoxified prehydrolysate achieved a lactic acid (LA) production of 42.89 g/L with an
85.67% yield, while a removal efficiency of 46.47% was obtained for the major inhibitors in
the prehydrolysate. The reusability of CMB was investigated by water-washing, thermal,
and NaOH regenerations. All methods obtained over 80% regeneration performance, and
the lactic acid yield remained above 35 g/L after two regeneration cycles. CMB regenerated
by water washing maintained 81.86% of its initial adsorption capacity after two cycles,
achieving a lactic acid concentration of 36.83 g/L. These results suggested that water
washing could serve as a simple and potentially sustainable regeneration approach for
maintaining biochar performance in biocatalytic systems.
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1. Introduction

The recycling of agricultural waste has become an essential strategy for promoting
sustainable development globally. Lignocellulosic agricultural wastes, such as corn stover
and wheat straw, are abundant in cellulose and hemicellulose, along with other compo-
nents [1]. The hydrolysis of cellulose yields glucose, while that of hemicellulose produces
xylose. Consequently, they may serve as promising candidates to replace the current starch
platform for conversion into valuable bioproducts [2,3]. However, the complex structure of
lignocellulose and the resistance of cellulose are strengthened by its high degree of poly-
merization and crystallinity, making it challenging to obtain monosaccharides [4]. Thus,
lignocellulose must first be pretreated to break its recalcitrance. However, the degradation
products generated from carbohydrates and lignin during this process can be detrimental
to subsequent enzymatic hydrolysis and enzymatic biocatalytic conversion, significantly
limiting the efficient utilization of lignocellulose [5,6]. For instance, Zdarta et al. prepared
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prehydrolysate from birch via nanofiltration of sulphuric acid-hydrothermally pretreat-
ment, in which the concentrations of formic acid, acetic acid, and furfural reached 0.92,
12.05, and 2.70 g/L, respectively [7]. Tan et al. prepared poplar powder prehydrolysate
using 3% w/w HySOy at 170 °C, which contained 15.11 g/L acetic acid and up to 7.5 g/L
total carbonyl inhibitors. Subsequent ethanol fermentation of the prehydrolysate showed
that almost no ethanol was produced [8]. Therefore, detoxification of the prehydrolysate is
necessary to enhance fermentation efficiency and product yield.

Because of special properties such as porous structure, numerous functional groups,
and ample nutrients [9], biochar has recently emerged as a versatile material with wide-
ranging applications, such as soil amelioration [10], enhancement of crop production [11],
organic compounds adsorption [12], and heavy metal adsorption [13]. In the last few
years, biochar has also been identified as a simple and effective method for detoxifying
the inhibitors present in prehydrolysate. For instance, Do Nascimento et al. successfully
removed 52% of furfural, 100% of hydroxymethyl furfural (HMF), and 40.4% of acetic
acid from the acid prehydrolysate of sisal bagasse using biochar derived from the residues
of acaf endocarp gasification [14]. Monlau et al. reported that biochar prepared from
digestates of a mixture of energy crops, crop residues, and manure was able to completely
remove furfural from the dilute acid prehydrolysate of corn stover [15]. Shen et al. prepared
corn stover biochar (CSB) for the removal of inhibitors from dilute acid prehydrolysate.
The results showed that CSB detoxification reduced the number of compounds in the
prehydrolysate by eight, with an overall inhibitor removal efficiency of 30.0% [16]. The
efficiency of adsorption removal of inhibitors depends on the detoxification conditions,
including temperature, time, pH, biochar loading, etc. Detoxification performed under
optimized conditions could significantly improve the fermentability of prehydrolysate. The
response surface methodology (RSM) is a commonly employed experimental and statistical
approach used to determine the optimal conditions of a given process [17,18]. Deng et al.
used acetic acid removal efficiency and sugar loss in dilute ammonia prehydrolysate
of energy cane bagasse as detoxification indicators, and optimized the activated carbon
dosage, pH, and contact time using RSM, aiming to maximize the removal of non-sugar
compounds while minimizing the loss of fermentable sugars [19]. Sarawan et al. employed
RSM to optimize the detoxification of acid-pretreated sorghum leaf prehydrolysate using
activated charcoal, with optimal conditions of 134.73 min contact time, 25 °C, 5% w/v
activated charcoal loading, and pH 3.76. Under the optimal conditions, activated charcoal
detoxification significantly enhanced subsequent bioethanol production [18].

Given the promising potential of biochar for detoxification and other applications, its
recycling and regeneration performance is a crucial indicator for assessing its effectiveness
in practical scenarios. Biochar with strong reusability can maintain effective adsorption
capacity after simple regeneration treatments. The reuse of biochar not only reduces the
demand for new biochar but also contributes to environmental protection and decreases
energy consumption [20]. Earlier studies have investigated the regeneration performance
of biochar, with recyclability typically ranging from 50% to 90%, depending on the feed-
stock and regeneration conditions [21,22]. The technologies for reusing biochar primarily
include thermal regeneration, chemical regeneration, and biological regeneration [23].
Among these, thermal and chemical regeneration are the more critical types of biochar
regeneration. Ledesma et al. investigated the thermal regeneration of activated carbon
saturated with p-nitrophenol and revealed that the thermal treatment proceeds through
several complex stages [24]. Moreover, Jiang et al. demonstrated that nitrogen-doped
biochar regenerated with NaOH exhibited superior recycling capability, with the Pb(II)
removal efficiency remaining at 84% after five regeneration cycles [25]. However, these
studies were typically conducted using single-component model pollutants and evaluated
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regeneration performance primarily based on adsorption capacity. Research on the regener-
ation performance of biochar following prehydrolysate detoxification remains scarce. More
importantly, recyclability has seldom been assessed based on lactic acid production from
real corn stover prehydrolysate.

This study employed sustainable and eco-friendly cow manure biochar (CMB) to
detoxify corn stover prehydrolysate and aimed to optimize the detoxification conditions
using RSM to enhance its biocatalytic performance for lactic acid production. The CMB was
regenerated through three methods (water-washing, thermal, and NaOH regeneration),
and its recyclability was evaluated based on the fermentability of the detoxified prehy-
drolysate. By integrating the RSM-optimized detoxification process with multiple biochar
regeneration strategies, this study linked biochar regeneration performance with lactic acid
fermentation, using fermentation productivity rather than inhibitor concentration as the
ultimate indicator to assess regeneration feasibility. Overall, this work provides a feasible
approach for the utilization of lignocellulosic agricultural wastes.

2. Results and Discussion
2.1. Adsorption Kinetics

To investigate the adsorption behavior of inhibitors in the prehydrolysate onto CMB,
adsorption kinetic experiments were conducted, and the experimental data were fit-
ted using the pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models
(Figure 1 and Table S1). The results indicated that the adsorption of inhibitors onto CMB
was better described by the PSO model, suggesting that chemisorption dominated the
adsorption process. Among the investigated inhibitors, furfural exhibited the highest
adsorption capacity. According to the PSO fitting results, the equilibrium adsorption
capacity of CMB for furfural reached 7.06 mg/g. The kinetic results indicated that the
adsorption rate was highest within the initial 30 min, during which approximately 70%
of the equilibrium adsorption capacity was achieved. Five inhibitors reached adsorption
equilibrium at around 75 min, while all seven compounds achieved equilibrium within
120 min. These observations provided an appropriate time range for the subsequent
optimization experiments.
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Figure 1. Adsorption kinetics of inhibitors by CMB.
2.2. Optimization by RSM

To maximize detoxification performance, three variables (temperature, detoxification
time, and biochar loading) were systematically investigated using RSM. The experimental
approach designed by BBD, including temperature (25, 40, 55 °C), detoxification time
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(30, 60, 120 min), and biochar loading (1, 3, 5% w/v), generated 17 experimental sets. The
analysis of the detoxification conditions for the prehydrolysate and LA fermentation results
is shown in Table 1.

Table 1. Response surface test design and results.

Run Temperature Detoxification = Biochar Loading 72h LA Predicted LA
O Time (min) (% wiv) Concentration (g/L) Concentration (g/L)
1 55 60 5 42.25 42.75
2 25 60 5 33.57 32.08
3 55 30 3 22.16 20.57
4 40 60 3 18.71 18.81
5 40 120 5 41.32 41.39
6 40 30 1 7.78 7.39
7 40 60 3 19.35 18.81
8 25 120 3 16.64 17.57
9 40 60 3 19.18 18.81
10 25 60 1 8.47 7.97
11 55 120 3 28.16 27.76
12 55 60 1 12.45 13.94
13 40 30 5 29.43 30.35
14 40 60 3 19.25 18.81
15 25 30 3 12.12 13.18
16 40 120 1 8.51 7.92
17 40 60 3 17.55 18.81

The quadratic polynomial regression equation describing the relationship between LA
concentration, temperature, detoxification time, and biochar loading was obtained from
the response surface methodology data as follows:

Y = 19.98 + 4.39X; + 2.89X, + 14.11X3 + 0.7018X7 X5 + 1.18X; X3 + 2.63X» X3 + 1.69X;2 — 1.91X,2 +3.68X32 (1)

where Y represents the response of LA concentration, Xj, X, and X3 refer to the level of
temperature, detoxification time, and biochar loading, respectively. The analysis reveals that
the magnitude of coefficients associated with linear terms directly correlates with variable
influence on LA concentration. According to this relationship, the relative effects of the
independent variables on LA concentration were determined as follows: biochar loading
shows the most significant influence (Bx, = 14.11), followed by temperature (Bx, =4.39),
while detoxification time exerts the weakest direct effect (3x, = 2.89). All interactive terms
display positive coefficients, indicating synergistic effects between paired variables in
enhancing LA concentration.

The analysis of variance (ANOVA) results for fitting the response surface models are
shown in Table S2. The regression model F value is 107.20, and the p value is found to be
below 0.0001, indicating that the regression model is highly significant. The lack-of-fit term
is insignificant, which suggests that the model is statistically meaningful and could be used
to predict LA production [26]. The coefficient of determination (R?) is 99.28%, indicating
that the quadratic regression equation fits the data very well and there is a significant linear
relationship between the response value and the variables [27]. Variables with p-values
below 0.05 within the 95% confidence level are considered statistically significant. Thus,
X1, Xa, X3, X2X3, X12, X52, and X532 in LA concentration are significant, as their p-values are
below 0.05. The influence of different variables on LA fermentation is ranked as follows:
biochar loading (X3) has the most significant impact, followed by temperature (X;), while
detoxification time (Xy) has the least effect. The main influence chart for the variables affect-
ing the LA concentration is shown in Figure S1. An increase in detoxification temperature
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resulted in a significant improvement in LA concentration, while higher biochar loading
also correlated with elevated LA levels. In contrast, longer detoxification time led to a
slow increase in the production of LA. This conclusion is consistent with the quadratic
polynomial regression equation and ANOVA results.

Figure 52 shows the actual and predicted values and the residuals versus the predicted
plot for the LA concentration. Figure S2a visually represents the relationship between
predicted and actual values. The adjusted coefficient of determination (adj. R?) is 0.9835,
and the predicted coefficient of determination (pre. R?) is 0.9037 (Table S2). This suggests
that the predicted LA concentrations are in good agreement with the experimental results,
indicating a strong correlation between the predicted and actual values [28]. Figure S2b
displays a residual vs. predicted plot showing a normal distribution with all data points
falling within the expected range [29].

3D and 2D contour surface graphics are used to thoroughly evaluate the interaction
between the studied variables (Figure 2). Figure 2a illustrates the interaction between the
two variables, temperature and detoxification time, during detoxification. The lactic acid
concentration demonstrated a pronounced positive correlation with elevated temperature.
Moreover, LA concentration increased with time at lower temperatures of detoxification
of prehydrolysate. In contrast, at higher temperatures of detoxification, LA concentration
remained relatively stable over time. This suggested that biochar adsorption has reached
saturation at a relatively higher temperature [30,31]. As shown in Figure 2b, increasing the
temperature and the biochar loading created a greater possibility for the inhibitors to reach
the surface of the biochar. Therefore, by increasing both the temperature and the biochar
loading, the adsorption effect can be improved, thus resulting in higher concentrations of
LA [29]. According to Figure 2c, Equation (1), and the ANOVA results, a clearer interac-
tion was observed between the detoxification time and biochar loading variables, which
significantly affected the LA concentration. In general, increasing the biochar loading
led to a higher adsorption effect under the condition of fixed time; similarly, as the time
increased under the condition of fixed biochar loading, the resulting LA concentrations
were increased.

The Design Expert 11.1.2.0 statistical analysis software generated 100 potential solu-
tions, from which the optimal conditions were selected based on a composite desirability
value of 1.00. According to the aforementioned findings from the optimization model by
RSM, 53 °C, 118 min, and 4.5% w/v biochar loading were identified as the optimum detoxi-
fication conditions (ODCs). Detoxification of the prehydrolysate was performed using CMB
under these conditions, and the major inhibitors in the prehydrolysate were determined
prior to and following detoxification (Figure 3a). After detoxification with CMB, the con-
centrations of main inhibitors in the prehydrolysate decreased, with furfural achieving the
highest removal efficiency of 98.2% and an adsorption capacity of 3.49 mg/g; in contrast,
acetic acid exhibited a much lower removal efficiency. Lee et al. further demonstrated that
the adsorption performance of activated charcoal for furfural was significantly superior to
that for aliphatic carboxylic acids, likely because activated charcoal preferentially adsorbs
compounds with higher hydrophobicity [32]. The lactic acid fermentation performance
before and after detoxification is shown in Figure 3b. The lactic acid concentration was only
7.63 g/L after 72 h of fermentation in the untreated (UT) group. With the detoxification
temperature and biochar loading increased, the movement of inhibitors was enhanced,
and biochar-inhibitor contact probability improved, thereby promoting adsorption [33].
The experiment achieved the highest LA concentration of 42.89 £ 0.18 g/L, giving a yield
of 85.67% under the predicted optimum conditions (Figure 3b), closely aligning with the
expected value of 42.35 g /L. This indicates that the optimization model is quite effective.
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Figure 2. Interaction of three factors on the LA concentration: (a) temperature and detoxification
time, (b) temperature and biochar loading, and (c) detoxification time and biochar loading.
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Figure 3. The detoxification and fermentation efficacy under the predicted optimum conditions.
(a) The concentrations of inhibitors in the prehydrolysate. (b) Lactic acid production profiles during
fermentation. (c) OD values during fermentation. (d) Scanning electron micrographs of cells.

Additionally, the OD values and microbial morphology during the fermentation pro-
cess are presented in Figures 3c,d, respectively. The OD was 8.75 & 0.02 at 72 h, performed
at the optimal condition predicted by the model. The OD trend aligned with the lactic acid
production profiles (Figure 3b). In the UT group, the lactic acid bacteria did not exhibit the
typical straight-rod morphology; instead, their cell surfaces displayed fine corrugations,
and the cells appeared slightly widened in an adaptive response to environmental stress.
In contrast, the cells in the ODC group retained the standard rod shape, with smooth cell
surfaces and a plump, intact morphology (Figure 3d). Glucose metabolism proceeded
via the glycolytic (EMP) pathway. The effects of inhibitors on microbial metabolism were
presented in Figure 4. Pretreatment-derived inhibitors infiltrated the intracellular envi-
ronment by compromising the structural integrity of the biocatalyst membrane. These
inhibitors triggered severe oxidative stress, leading to a substantial accumulation of reactive
oxygen species (ROS) in the cytoplasm [34]. From a mechanistic perspective, excessive
ROS accumulation not only caused oxidative damage to genomic DNA but also directly at-
tacked the catalytically active sites of key enzymes involved in the glycolytic pathway [35],
inducing conformational distortion of enzyme proteins and reducing their substrate affinity.
Ultimately, this redox imbalance interrupted the electron transport chain, resulting in the
complete inactivation of the biocatalyst [36]. Our previous studies further confirmed that in-
hibitors markedly elevated intracellular ROS levels, accompanied by a significant decrease
in the activities of core biocatalytic enzymes, such as lactate dehydrogenase (LDH) [16].
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Figure 4. The effects of inhibitors on microbial metabolism.

2.3. Biochar Regeneration

Over the past few years, biochar has been extensively applied in prehydrolysate
detoxification. However, once biochar reaches its adsorption capacity or its utilization is
completed, it turns into solid waste and poses a risk of leaching organic contaminants,
which may lead to secondary pollution. Therefore, the recycling performance of biochar is
an important indicator for evaluating its practical application [37].

The elemental compositions of CMB and the regenerated biochars are shown in Table 2.
After CMB adsorbed the inhibitors of prehydrolysate, its C and O content increased sig-
nificantly. The inhibitors that were adsorbed on the surface of biochar altered its initial
elemental composition. CMB-H,O-I showed a significant recovery in C and O content, indi-
cating that water-washing can remove some inhibitors from the biochar surface. However,
there was no significant difference in the C content between CMB-H,O-II and CMB-after,
suggesting that CMB-H,O-II was ineffective at removing inhibitors on the biochar surface.
Additionally, repeated water washing leached substantial amounts of K, Ca, Mg, and Si
from the biochar ash, resulting in an absolute decrease in ash mass, which in turn caused the
fixed-carbon mass fraction to increase [38]. The increase in C content during thermal regen-
eration was attributed to the increase in the degree of aromatization and graphitization due
to the thermal treatment. The increase in C content during thermal regeneration occurred
because the thermal regeneration treatment enhanced the degree of aromatization and
graphitization [39]. For both CMB-NaOH-I and CMB-NaOH-II, the C content decreased
significantly yet remained higher than that of CMB-before, indicating that a portion of
the inhibitors had been desorbed from the biochar surface. Similar phenomena were re-
ported by Liu et al., who found that the carbon content of biochar regenerated with NaOH
after ciprofloxacin adsorption was higher than that of the raw biochar. This observation
suggested that a portion of the adsorbed compounds could be removed during NaOH
regeneration, while some residues likely remained on the biochar surface due to relatively
strong chemisorption and pore-filling effects [40]. After two rounds of recycling, the ele-
mental composition of the biochar showed little change following either NaOH or thermal
regeneration, indicating that both methods exhibited stable regeneration performance.
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Table 2. The elemental components of regenerated CMB.
Sample C% H % N % S % 0O %

CMB-before 38.89 + 0.20 1.76 £0.12 1.82 £0.13 0.58 £+ 0.002 10.49 + 0.10
CMB-after 55.21 £ 0.24 2.87 £ 0.20 2.88 +0.22 0.56 = 0.012 12.54 +0.22
CMB-H,0-1 4794 + 0.17 225+£024 2.32 £0.10 0.48 4= 0.008 10.49 & 0.06
CMB-H,O-II 53.10 £ 0.21 2.61 +0.09 2.69 £ 0.19 0.56 + 0.010 11.37 £ 0.20
CMB-500-1 46.67 £ 0.10 1.92 £0.13 2.30 £ 0.18 0.49 + 0.012 9.68 =+ 0.11
CMB-500-11 4719 £0.12 1.83 £0.18 228 £0.26 0.50 &+ 0.006 8.09 £ 0.14
CMB-NaOH-I 43.39 £ 0.09 1.20 = 0.06 1.33 £0.26 0.44 + 0.011 8.61 = 0.17
CMB-NaOH-II 4549 £0.11 2.251+0.26 2.47 +0.07 0.47 4+ 0.013 792 +0.23

After regeneration, the specific surface area as well as the pore volume of the CMB in-
creased, as listed in Table 3. It can be observed that the original pore structure of CMB could
be effectively regenerated through two rounds of simple water washing. This indicated
that water-washing regeneration cleaned the clogged pores, enlarged the pore sizes, and
removed water-soluble salts [41]. Thermal regeneration (CMB-500-I) exhibited a tenfold
enhancement in specific surface area (50.63 m?/g), accompanied by reduced pore diameter
and expanded pore volume. CMB-500-1T had a specific surface area of 35.52 m? /g, showing
a slight reduction in pore diameter and volume compared to CMB-500-1. During the thermal
regeneration, the adsorption sites of biochar were increased under high temperatures, while
surface carbonization formed new pores, increasing biochar’s surface area. In the process of
thermal regeneration, the inhibitors were decomposed, the number of adsorption sites on
the biochar increased at high temperatures, and surface carbonization created new pores,
thereby enlarging the specific surface area. This indicated that thermal regeneration had an
improved effect on the biochar’s pore structure. The specific surface area of CMB-500-I and
CMB-500-1I was significantly higher than that of CMB-H,O-I and CMB-H,O-II. However,
the average pore diameter had decreased compared to the CMB-H,O-I. This indicated that
thermal regeneration could further optimize the biochar’s pore structure, with a noticeable
increase in the number of micropores and mesopores. Chemical regeneration was also one
of the most commonly used methods to regenerate adsorbent materials. CMB-NaOH-I and
CMB-NaOH-II achieved 12.12 times and 5.84 times the surface area increments relative to
the original CMB, respectively. This enhancement occurred because the NaOH solution
could solubilize some inhibitors onto the biochar, alter its surface structure, and increase the
specific surface area [33,42]. The specific surface area of CMB-NaOH-I was similar to that
of 500-1 but was significantly higher than that of CMB-H,O-1. However, the specific surface
area of CMB-NaOH-II was slightly lower than that of CMB-500-1I. This suggested that as
the number of regeneration cycles increases, the performance of the NaOH regeneration
might not be as stable as that of thermal regeneration.

Table 3. Structural properties of regenerated CMB.

Average Pore Average Pore

Sample Seer (m’/g) Diameter (nm) Volume (cm3/g)

CMB-before 411+0.21 3.212 £ 0.15 0.016 £ 0.001
CMB-after 1.82 £ 0.11 1.190 + 0.02 0.011 +£ 0.002
CMB-H,0-1 6.50 + 0.19 3.442 £ 0.11 0.025 £ 0.003
CMB-H,O-II 428 +0.17 1.171 4+ 0.09 0.019 + 0.001
CMB-500-1 50.63 £ 0.41 1.193 £+ 0.07 0.047 £ 0.006
CMB-500-11 35.52 +£0.24 1.157 £ 0.07 0.046 + 0.009
CMB-NaOH-I 54.30 £ 0.44 1.200 £ 0.03 0.074 £ 0.008
CMB-NaOH-II 28.12 £ 0.29 1.166 + 0.06 0.049 + 0.001
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The pore size distribution can further explain the regeneration effect of CMB. Macrop-
ores are generally responsible for substance diffusion, mesopores serve as mass transfer
channels, and micropores provide adsorption and trapping sites [43]. Thus, the pore size
distribution among the three types of pores in regenerated biochar was analyzed, and the
methods suitable for CMB regeneration were researched. The pore size distribution of
the regenerated biochars is presented in Figure 5; the results of the pore size distribution
correspond to Table 3. The results demonstrated that CMB-H,O-I effectively removed
adsorbed inhibitors and restored the pore size distribution of CMB, while CMB-H,O-II
exhibited lower restoration efficacy than CMB-H,O-I under identical conditions.
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Figure 5. Pore size distribution of regenerated CMB (a) Water-washing regeneration. (b) Thermal
regeneration. (¢) NaOH regeneration.

The pore distribution of CMB-500-1 and CMB-500-1I was highest at 1-2 nm, indicating
that after regeneration at 500 °C, the biochar had developed a richer micropore structure,
and the pore distribution at 3-5 nm had also increased. For the NaOH regeneration method,
both the micropore and mesopore quantities increased by CMB-NaOH-II and CMB-NaOH-
II. The common inhibitors in the prehydrolysate have molecular sizes of approximately
1 nm; therefore, the increased abundance of micropores (1-2 nm) and mesopores (3-5 nm)
provides more accessible adsorption sites and diffusion pathways for these molecules.
Compared to the water-washing regeneration, the biochar obtained from thermal regenera-
tion and NaOH regeneration exhibited a better pore size distribution as shown in Figure 5,
indicating their enhanced potential for the adsorption of inhibitors [44,45].

As illustrated in Figure S3, the nitrogen adsorption—desorption isotherms of the
six regenerated biochars all conformed to type IV isotherms, indicating that mesoporous
structures predominated as their primary pore configuration [44]. The maximum nitrogen
adsorption capacities were 15.74 cm®/g, 45.04 cm®/g, and 30.82 cm?/g for CMB-H,O-,
CMB-NaOH-I, and CMB-500-I, respectively. In the low relative pressure (P/Pp) range, the
curve displayed upward convex curvature, suggesting the formation of a monolayer of
nitrogen molecules on the surface of biochar [46]. A pronounced hysteresis phenomenon
emerged in the higher relative pressure region, attributed to the capillary condensation
of nitrogen [47]. As the relative pressure approached 1, nitrogen gas was adsorbed onto
the larger pores, causing the curve to rise. Notably, the adsorption-desorption curve
of biochars obtained by NaOH regeneration and thermal regeneration failed to close in
the low-pressure region. This could be attributed to either irreversible adsorption in
mesoporous materials or the presence of abundant micropores from which nitrogen could
not escape completely during desorption [48].

Based on the SEM macroscopic observations of the biochar surface morphology
(Figure 6). After two regeneration cycles using three different regeneration methods, no
obvious fragmentation or disintegration of biochar particles was observed in the SEM
images. After water-washing regeneration, the pore structure of the biochar was partially
restored. However, residual inhibitors were still clearly visible on the biochar surface, and
partial pore collapse was observed, indicating that water-washing incompletely removed
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adsorbed inhibitors. In contrast, thermally regenerated biochar exhibited a significant
increase in micropore and mesopore development, exhibiting a more uniform and ordered
pore structure. This suggested that thermal regeneration not only decomposed inhibitors
but also promoted further pyrolysis, generating additional porous structures. After NaOH
regeneration, the micropores and mesopores were effectively restored, demonstrating that
NaOH efficiently desorbed the inhibitors from the biochar surface. These results indicated
that, in terms of physical structure, biochars regenerated using all three methods exhibited
good stability. Among them, the NaOH-regenerated and thermally regenerated biochars
showed better structural stability than the water-washing regenerated biochar. These
observations are consistent with the data shown in Table 3 and Figure 5.

SU3500 10.0kV. 7.6mm x500 SE

SU3500 10,0KV 7.5mm x500 SE T ooum [ SU3500 10.0kV 7.4mm x500 SE

Figure 6. The microstructure of regenerated CMB.

Their ATR-FTIR spectra were recorded to describe the changes in surface chemical
functionalities of regenerated CMBs (Figure 7). After water-washing regeneration, an
increased intensity of -OH functional groups (3700-3200 cm ') was observed on the biochar
surface. This enhancement was attributed to the removal of soluble ash components and
inorganic salts during water washing, which exposed previously shielded surface -OH
functional groups [49,50]. The absorption peak at 2330 cm ™! corresponds to atmospheric
CO,. The absorption band around 1600 cm ! is assigned to the C=0 stretching vibration.
In CMB-H,O-I and CMB-NaOH-I, this peak intensity was largely restored. In contrast,
CMB-H;O-II exhibited a peak shift and intensity change, which may be attributed to
hydrogen bonding between inhibitors and the C=O groups on the surface of biochar [51].
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The decrease in the number of C=O functional groups in CMB-500-II may be attributed to
decarboxylation and decarbonylation reactions occurring on the biochar surface as thermal
regeneration cycles increased, which consequently reduced the adsorption performance of
CMB-500-11 [52]. The ATR-FTIR spectra are consistent with the elemental analysis results
in Table 2.

Transmittance(a.u.)

1 1 ] ] ] L] T ]
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber(cm ')

Figure 7. ATR-FTIR spectra of regenerated CMB.

The LA fermentation results of the detoxified prehydrolysate by different regenerated
CMBs are shown in Figure 8. The regenerated CMBs with three different methods all
maintained a certain detoxification capacity on the prehydrolysate, and the lactic acid
fermentability after detoxification was improved compared with the UT group. Following
the first regeneration, CMB-H,O-I exhibited significantly lower LA volumetric productivity
compared to CMB, whereas CMB-NaOH-I showed a gradual increase within 72 h, and
CMB-500-I maintained a similar productivity level to CMB. At 72 h, the concentrations
of LA in CMB-H,0-I, CMB-500-1, and CMB-NaOH-I were measured at 10.97 + 0.33 g/L,
31.27 £ 0.17 g/L, and 38.31 £ 0.01 g/L, respectively. At 72 h, the concentrations of LA
in CMB-H,O-II, CMB-500-11, and CMB-NaOH-II were measured at 14.45 + 0.22 g/L,
25.22 +1.34 g/L, and 33.89 £ 0.05 g/L, respectively. However, after the first regeneration,
biochar regenerated via three methods (CMB-H,O-I, CMB-500-1, and CMB-NaOH-I) exhib-
ited the recyclability of 85.34 £ 1.8%, 98.89 £ 1.1%, and 92.42 £ 1.9%, respectively. After
the second regeneration, the recyclability of CMB-H,O-II, CMB-500-II, and CMB-NaOH-II
was 81.86 £ 0.8%, 83.51 £ 0.7%, and 81.50 £ 1.6%, respectively. As the regeneration round
increases, the adsorption efficiency of biochar decreases, likely due to increased aggregation
on the biochar surface [42,53]. Moreover, after two regeneration cycles using three different
regeneration methods, the biochars maintained recyclability values above 80%, indicating
their good stability in the prehydrolysate. The adsorption performance of biochar is closely
related to its physicochemical stability during the detoxification process. Although minor
changes in surface properties were observed after detoxification, the overall adsorption
capacity toward inhibitory compounds remained sufficient to maintain effective detoxi-
fication. This removal of inhibitors alleviated microbial inhibition during fermentation,
which directly contributed to improved lactic acid recovery. These results demonstrate the
interdependence of biochar degradation, adsorption performance, and lactic acid recovery.
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Figure 8. The impact of different regeneration methods on the detoxification fermentation of CMB.
(a) LA fermentation after water-washing regeneration, (b) LA fermentation after thermal regen-
eration, (c) LA fermentation after NaOH solvent regeneration, and (d) CMB recyclability after
three regeneration methods.

Compared with thermal and NaOH regeneration methods, water-washing regenera-
tion exhibited lower fermentation productivity. This was attributed to the fact that, during
NaOH regeneration, NaOH effectively reacted with and removed the adsorbed inhibitors,
thereby exposing more accessible adsorption sites and enhancing the removal of inhibitors
by CMB through the pore filling mechanism. Thermal regeneration increased the degree of
aromatization and graphitization of CMB. The enhanced aromaticity may have facilitated
7—7t interactions between the aromatic domains of biochar and inhibitors (Figure 9). Similar
interaction mechanisms have been reported in previous studies. For example, Chen et al.
investigated plant residue materials as biosorbents for the removal of aromatic compounds
and found that adsorption capacity increased with increasing aromaticity of the biosorbent,
supporting the potential role of 7—m interactions in adsorption processes [54]. Further-
more, Liu et al. have indicated that water washing may induce pore collapse, which could
also contribute to the diminished adsorption performance of water-washing regenerated
biochar [41]. This finding is consistent with the observations in Figure 6. However, the
LA recyclability of both CMB-H,O-I and CMB-H,O-II consistently reached around 80%,
demonstrating that water washing remains a practical and effective regeneration method
for biochar reuse in fermentation systems when operational conditions are optimized. Fur-
thermore, the regenerated biochar obtained through thermal regeneration is slightly more
effective for detoxifying the prehydrolysate than NaOH regeneration and water-washing
regeneration. Zeng et al. investigated the thermal regeneration and solvent regeneration
of bermudagrass biochar. The biochar regenerated by thermal treatment at 300 °C for 3 h
achieved a recyclability of 99-100% over four adsorption-regeneration cycles. In contrast,
when 1 M NaOH was used for regeneration, the recyclability of the biochar was 86.69%,
which was lower than that of thermal regeneration [22]. This is consistent with the results
of our study.
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Figure 9. Adsorption and regeneration mechanisms of CMB.

Table 4 summarizes the regeneration performance of biochars after the adsorption of
organic compounds reported in previous studies. Thermal, alkali, and water-washing treat-
ments are commonly applied regeneration methods. Regeneration performance strongly
depends on feedstock properties, regeneration strategy, and the nature of the adsorbed
compounds. For example, wood biochar regenerated by water washing retained only
58.6% recyclability for sulfonamides after two cycles [54], whereas durian peel biochar
exhibited even lower recyclability (13-33%) after three cycles under different regenera-
tion treatments [40]. In contrast, certain biochars, such as giant mud crab shell biochar,
maintained >90% dye removal for up to six cycles under hot water washing [55]. In the
present study, after two regeneration cycles using three different methods, the recyclability
remained around 80% (Figure 8). This relatively stable regeneration performance may
be attributed to the intrinsic structural characteristics of cow manure biochar. During
regeneration, thermal treatment enhanced aromaticity and micropore development, while
NaOH treatment facilitated desorption through the disruption of surface interactions. Al-
though water washing resulted in comparatively lower structural restoration, it effectively
removed inhibitors and sustained fermentation performance. Compared with previous
studies that primarily focused on adsorption performance, the present work further eval-
uated regeneration effectiveness by considering its impact on lactic acid production. By
incorporating fermentation results, this assessment provides additional insight into the

practical reuse of biochar in biorefinery systems.

Table 4. Studies on biochar regeneration methods for the removal of organic compounds.

. -, Regeneration Regeneration .
Adsorbent Preparation Conditions Methods Rounds Regeneration Performance Reference
The wood chips were heated Water-washin. The recyclability for
Wood biochar to 650 °C within 60 min and re enerationg 2 cycles sulfonamide removal after [21]
pyrolyzed for 100 min & the second cycles is 58.6%
Durian peel powder and
K-OH pellet§ were mixed at a Thermal, alkali, ‘ The recyclability for
Durian peel biochar 1:1 w/w ratio and pyrolyzed hydrothermal 3 evdles ciprofloxacin removal after [40]
at 700 °C for 2 h under a . Y the third cycles are 33%,
regeneration

nitrogen atmosphere at a
heating rate of 10 °C/min

23%, and 13%, respectively
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Table 4. Cont.
. oy Regeneration Regeneration .
Adsorbent Preparation Conditions Methods Rounds Regeneration Performance Reference
Giant mud crab Crab shells were heated to Hot water-washing >90% methyl violet
. o . 9 cycles removal for 6th [55]
shell biochar 500 °C and pyrolyzed for 2 h regeneration .
regeneration cycles
The biochar was prepared via
gasification in a reverse
downdraft reactor at Thermal solvent The recyclability of Indigo
Pinus patula biochar ~ atmospheric pressure with an regeneration with 7 cycles Carmine after seven cycles [56]
air flow rate of 75% CoHgO are 55%
146 £ 4.35 L/min
(0.12 4+ 3.58 x 1073 kg/m?/s)
The recyclability for
Cow manure was pyrolyzed Wi hi inhibi 1af
at 500 °C for 1 h under a ater-washing, inhibitor removal after
Cow manure biochar thermal, NaOH 2 cycles second cycles are this study

nitrogen atmosphere at a
heating rate of 10 °C/min

solvent regeneration

81.86%, 81.50%, and
83.51%, respectively

3. Materials and Methods
3.1. Chemicals and Microorganisms

MRS cultural medium, glucose, yeast extracts, glucose and lactic acid standard solu-
tions (1 g/L) were obtained from Sigma Aldrich (Wuxi, China); sulfuric acid, sodium hy-
droxide, and calcium carbonate were supplied by Sinopharm Chemical Reagent Company
(Shanghai, China); acetic acid, furfural, hydroxymethylfurfural (HMF), 4-hydroxybenzoic
acid, vanillic acid, 4-hydroxybenzaldehyde, vanillin, and syringaldehyde were obtained
from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). The strain
employed for lactic acid fermentation was Lactobacillus pentosus (ATCC 8041, Manassas,
VA, USA).

3.2. Preparation of Biochar from Cow Manure

The cow manure used in this study was collected from Jinyindao Ranch (Beijing,
China). It was dried in an oven at 105 °C until a constant weight was achieved and then
stored in a sealed bag for further use. The dried cow manure was ground with a high-speed
grinder (RT-34, Taiwan RongCong Precision Technology Co., Taichung City, Taiwan, China)
and sieved through a 20-mesh screen. 5 g of cow manure were placed in a quartz boat
(100 mm x 40 mm X 20 mm) and thermally treated at 500 °C for 1 h under a nitrogen
atmosphere in a tube furnace (GSL-1100X, Hefei Kejing Materials Technology Co., Hefei,
China) at a heating rate of 10 °C per minute. The obtained biochar, referred to as cow
manure biochar (CMB), was thoroughly mixed before use.

3.3. Preparation of Prehydrolysate from Dilute Acid Pretreatment of Corn Stover

Corn stover used in this study was obtained from the Shangzhuang Experimental
Station of the China Agricultural University in Beijing, China. The material was air-dried
until the moisture content was less than 10%, and subsequently ground to pass through
a 2040 mesh sieve. The corn stover powder was blended with 1.0% w/w sulfuric acid
solution at a solid-to-liquid ratio of 1:2.5% w/v. The dilute acid pretreatment was then
carried out at 121 °C for one hour using an MLS-350 autoclave (Sanyo Electric Co., Osaka,
Japan). After pretreatment, the prehydrolysate was separated from pretreated corn stover
solids by vacuum filtration.

3.4. Adsorption Kinetic Study of Inhibitors onto CMB

The adsorption kinetic experiments were conducted using seven common inhibitors
present in dilute acid prehydrolysate as target adsorbates, and the adsorption data were
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fitted using the pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models.
The detailed experimental methods are described in Supplementary Material S1.

3.5. The Detoxification of Prehydrolysate by Biochar

To optimize the conditions for biochar detoxification, RSM was applied in this study.
Three variables, i.e., temperature, detoxification time, and biochar loading, were inves-
tigated, and three levels were selected for each variable, as shown in Table S2. Using
the Design Expert 11.1.2.0 statistical analysis software, the Box-Behnken design (BBD)
was employed to design the detoxification experiments. Seventeen runs of detoxification
experiments in total were performed based on the three factors: temperature, X; (°C);
detoxification time, X, (min); biochar loading, X3 (% w/v).

Detoxification experiments were conducted in flasks in a shaker incubator at ambient
temperature. The shaking speed was kept at 200 rpm. After detoxification, CMB was
collected via vacuum filtration and subsequently dried at 60 °C in an oven. The used
CMB was then subjected to a characterization and regeneration study. The detoxified
prehydrolysate was collected for LA fermentation. The final LA concentration was chosen
as the response for RSM analysis. The experimental results were analyzed using variance
analysis (ANOVA). Moreover, a second-order polynomial equation (presented below) was
used as the regression model to fit the experimental data:

Y = Bo+ Y BiXi+ Yoy B+ Y BiXiX; 2)

where Y represents the response (LA concentration); 3¢ is the intercept; f3; is the coeffi-
cient of the linear item; B;; is the coefficient of the quadratic item; {3;; is the interactive
coefficient; X; and X; represent the independent variables; and k represents the number of
independent variables.

3.6. Lactic Acid Fermentation

Before LA fermentation, the detoxified prehydrolysate was neutralized to pH 6.0 using
NaOH. Glucose and yeast extract were incorporated into the prehydrolysate to obtain final
concentrations of 50 g/L and 15 g/L, respectively. CaCOs (0.56 g/g-glucose) was added
aseptically to maintain the pH throughout the fermentation process. The prehydrolysate
without biochar detoxification was prepared similarly and referred to as the untreated (UT)
group. Both the prehydrolysate and the pure glucose solution were sterilized using 0.22 pm
sterile filter membranes. The seed culture of Lactobacillus pentosus (ATCC 8041) was pre-
pared in an MRS medium at 37 °C until its optical density (ODgq) reached approximately
1.5. Afterward, fermentation was initiated by adding 10% v/v of seed culture. LA fermen-
tation was performed in 50 mL serum bottles in an incubator shaker at 37 °C and 150 rpm
for 120 h. Samples were taken every 12 h using a syringe for carbohydrate, LA, and OD
analysis. The values of ODgy during the fermentation process were tested to determine
cell biomass using a microplate reader (Multiskan FC, Thermo Scientific, Waltham, MA,
USA). The fermentation experiments were carried out in duplicate.

3.7. Biochar Regeneration

To assess the reusability of the CMB prepared in this study, two rounds of regeneration
were performed, and three regeneration methods were investigated: simple washing regen-
eration, thermal regeneration, and solvent regeneration. In water-washing regeneration,
the detoxified CMB was repeatedly washed with deionized water until a neutral pH was
achieved. It was then oven-dried at 105 °C to obtain the regenerated biochar, which was
designated as CMB-H,O. In thermal regeneration, CMB after detoxification was loaded
into a tubular furnace and treated at 500 °C for one hour in a nitrogen atmosphere to
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obtain the regenerated biochar, referred to as CMB-500. In solvent regeneration, NaOH
solution was selected for the desorption of inhibitors adsorbed onto biochar in acidic pre-
hydrolysate. The CMB after detoxification was dried and mixed with a 1 mol/L NaOH
solution. This mixture was loaded into a shaker for one hour under room temperature con-
ditions, and then the regenerated biochar solid was collected, washed with deionized water
until neutrality was achieved, and then dried at 105 °C in an oven until constant weight
was achieved. The regenerated biochar was designated as CMB-NaOH. The regenerated
biochars were evaluated for their adsorption capacity in prehydrolysate detoxification,
following the previously described procedure.

In the second round of regeneration, the same regeneration and adsorption test pro-
cedure was carried out. The biochar obtained from the first regeneration was labeled
as I, while the biochar obtained from the second regeneration was labeled 1II, e.g., CMB
after the first thermal regeneration was named CMB-500-1, and CMB after the second
thermal regeneration was named CMB-500-11. The specific surface area and pore size of
the regenerated biochar were determined as described in Section 3.8. Moreover, the final
lactic acid concentration of 120 h was utilized as an indicator to evaluate the regeneration
performance of CMB. The regeneration experiments were carried out in duplicate.

3.8. Characterization of Biochars

The elemental composition (C, H, N, S and O) of the biochar was determined using an
elemental analyzer (UNICUBE, Elementar, Langenselbold, Germany) operated in CHNS
mode. All measurements were conducted in triplicate. Approximately 1.5-2.5 mg of each
dried sample was accurately weighed into a tin capsule prior to analysis. Combustion was
performed at 1000 °C under a pure oxygen atmosphere, with high-purity helium used as
the carrier gas at a flow rate of 100 mL/min. The oxygen content was determined by a
subtractive (difference) method. The specific surface area (Spgt) and pore size of biochar
were analyzed by the N; adsorption—desorption method, measured with a surface area
and pore size analyzer (Nova Station A, Quantachrome, Boynton Beach, FL, USA). Each
sample was degassed at 200 °C under vacuum for 12 h. The specific surface area and
total pore volume were evaluated by the multi-point BET method, with Sggr calculated
over a relative pressure (P/Pg) range of 0.02-0.20, while the pore size distribution was
derived from the DFT method [57]. The surface functional group information of biochars
was characterized by the attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy using an MIR spectrometer (ALPHA-II, Bruker, Karlsruhe, Germany), with
spectra recorded over a wavenumber range of 400-4000 cm ™! at a resolution of 4 cm ™!
and 64 scans. The surface morphology of the biochars was observed using scanning
electron microscopy (SEM, SU3500, Hitachi, Tokyo, Japan). Cell morphology was observed
using scanning electron microscopy (SEM, SU8010, Hitachi, Japan). The detailed sample
preparation and experimental conditions are described in the Supplementary Material S2.

3.9. HPLC Analysis

Quantification of key inhibitors in the prehydrolysate before and after biochar detox-
ification was determined by HPLC (e2695, Waters, Milford, MA, USA) with a C18 chro-
matographic column (5 pm, 4.6 mm x 250 mm) and a UV/Vis detector (2489, Waters,
USA) operating at a detection wavelength of 254 nm. The concentrations of sugars and
LA during the fermentation process were determined by high-performance liquid chro-
matography (HPLC) (2695, Waters, USA) equipped with a refractive index (RI) detector
(2414, Waters, USA) and an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA). The
column temperature was kept at 55 °C, with 5 mM sulfuric acid as the mobile phase at
a flow rate of 0.6 mL/min. Calibration curves for the inhibitors were established based

https:/ /doi.org/10.3390/ catal16030242


https://doi.org/10.3390/catal16030242

Catalysts 2026, 16, 242

18 of 21

Biochar recyclability =

on the linear relationships between compound concentrations and peak heights. Samples
collected during the detoxification and fermentation processes were centrifuged, and the
supernatants were diluted tenfold, filtered through a 0.22 pum sterile membrane filter, and
transferred into HPLC vials for subsequent analysis.
Lactic acid yield is calculated according to the following equation:
Final LA concentration — Initial LA concentration

LA yield = oY : x 100% 3
Initial sugar concentration

The recyclability of regeneration biochar is calculated as follows:

LA concentration after regenerated biochar detoxification
LA concentration after CMB detoxification

x 100% (4)

4. Conclusions

In this study, the detoxification conditions for biochar produced from cow manure
(CMB) were successfully optimized using RSM. The results indicated that biochar loading
is the most dominant factor affecting the performance of the subsequent LA fermentation.
The optimal detoxification condition obtained is as follows: a temperature of 53 °C, detox-
ification time of 118 min, and biochar loading of 4.5% w/v with a theoretical lactic acid
concentration of 42.35 g/L. After optimization, the fermentability of prehydrolysate was
significantly enhanced, achieving a final LA concentration of 42.89 g/L with an 85.67% yield.
The adsorption performance of biochar could be recovered by regeneration. Three ways
of regeneration all showed satisfactory results, among which water-washing regeneration
would be a preferred choice due to its simple operation. After two rounds of water-washing
regeneration, the adsorption ability of CMB was maintained at 81.86%, highlighting its
potential for industrial applications. Future research could further investigate the regenera-
tion mechanism of biochar and the stability of its long-term cyclic use, as well as promote
its large-scale application in biorefining through economic analysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal16030242/s1, Text S1: Adsorption kinetic study of inhibitors
onto CMB; Text S2: Scanning electron microscopy (SEM) analysis; Figure S1: Main influence chart for
LA concentration; Figure S2: The statistical plots for comparing predicted and experimental values
for the LA concentration: (a) predicted vs. experimental response and (b) residuals vs. predicted
response; Figure 53: Nitrogen adsorption-desorption curve of regenerated CMB; Table S1: Analysis
of kinetic parameters for the adsorption of seven inhibitors by CMB; Table S2: ANOVA results for LA
concentration; Table S3: Factors and levels in the experimental design of biochar detoxification.
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