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Process optimization for the anaerobic digestion of poplar (Populus L.) leaves
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ABSTRACT
This study investigates the optimized condition for enhancing biogas production in the anaerobic
digestion of fallen poplar leaves. Two experiments were conducted: (1) The calcium hydroxide
concentration, bacteria concentration, and composting time were used as three parameters to
optimize the fermentation pretreatment condition and contrasting tests were performed; and (2)
a series of fermentation tests were conducted to explore the best process parameters and biogas
production characteristics. The results showed that a biological and chemical combined pretreat-
ment effectively improved the biogas productivity of poplar leaves as fermentation substrates,
and the parameter that had the greatest effect during anaerobic digestion was temperature
followed by the solid concentration and pH value. The optimal pretreatment condition was: alkali
concentration 4.61%, bacterial concentration 0.20‰, and a composting time of 6.6 days. By
considering the factors that affect the fermentation of poplar leaves and the cumulative gas
production, the optimum condition for poplar leave digestion was found to be a temperature of
30°C, a pH of 7, and a 10% solid concentration. In addition, the methane yield of the optimized
trial was well fitted using the modified Gompertz model.
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1. Introduction

Due to the acceleration of urbanization, municipal
solid waste (MSW) contributes significantly to pro-
blems related to energy shortages and environmental
pollution. Therefore, this waste needs to be properly
utilized [1,2]. Biofuel production is a promisingway to
sustainably manage the organic fraction ofMSW. The
production of biofuel consists of a microbiological
degradation process that occurs at a certain tempera-
ture, pH value, and under anaerobic conditions [3–9].
Biogas production is the most highly suggested solu-
tion for the MSW pollution problem because the
organic portion of MSW is rich and economic. For
this reason, several studies have examined the poten-
tial of biogas generation from urban solid waste
[10–13].

According to the 25th International Poplar
Commission (IPC)-session, China has the second lar-
gest poplar planted area of 8.5million ha,which is 27%
of the total global poplar planted area [14]. Most of
poplars are used as shelter forests and product forests
in northwest China, and they are also planted as road-
side trees in northern Chinese cities [14,15]. The esti-
mated annual yield of fallen leaves for one city is
approximately 30 kilo tons [16]. Poplar leaves are
abundant and widely available, hence they have been
considered as a substrate for anaerobic fermentation.
However, because they are a lignocellulosic biomass,
poplar leaves also face the hydrolysis problem created
by the complex three-dimensional structure of the
polysaccharide and lignin [17]. Compared with other
substrates, co-digestion has not been shown to signifi-
cantly improve the degradation of lignocellulosic
materials [18–20]. Pretreatment is a promising solu-
tion to improve the biodegradability and reach
a higher biogas production of lignocellulosic materials
[21]. Various studies have shown that chemically pre-
treated materials perform much better in biogas pro-
duction [22,23]. Sodium hydroxide (NaOH) is the
most common agent for alkaline pretreatment,
which is superior for improving hydrolysis compared
with calcium hydroxide (Ca(OH)2) [24–26]. A 33.3%
increase in total methane production has been
reported for 3.0% NaOH-treated poplar waste in
four days with an 88% moisture content [27], and
a 113.8% increase in methane yield has been shown
in 5% NaOH-treated poplar processing residues [28].
The result of applying NaOH as pretreatment in

poplar processing waste has been shown to be effec-
tive; however, the high concentration of sodium ions
may inhibit the activity of methanogens. In addition,
sodium ions in anaerobic discharge may also increase
soil salinity, whereas calcium ions affect methanogens
and the environmentmuch less. This fact wouldmake
the choice of calcium hydroxide a good substitution
for an alkaline pretreatment agent [29–31]. A recent
study [32] indicated that bio-pretreatment can change
the chemical composition of materials significantly.
Moreover, studies that have examined the effects of
co-pretreatment by applying two or more pretreat-
ment types have also been conducted. The influence
of a CaO-LFD bio-chemical pretreatment on rice
straw rose the methane yield to 57.56% [33]. Ji
reported a 61.54% increase in the methane yield for
corn straw after co-pretreatment with calcium hydro-
xide and steam explosion [34]. Therefore, two ormore
pretreatment methods combined can provide a more
promising effect than a single pretreatment.

An investigation of poplar waste anaerobic diges-
tion reported a total methane yield of 81.1 ml∙g-1
volatile solids (VS) by using a 3.0% NaOH pretreat-
ment, and the maximal methane yield increased to
98.2 ml∙g-1 VS when the poplar waste was co-
digested with high-pH cattle slurry [27]. Another
study showed a peak methane production of
271.9 ml∙g-1 VS using a 5.0% NaOH pretreatment
[28]. Another study showed that the biogas yield
reached 321 ml∙g-1 VS for poplar leaf co-digestion
with swine manure [35]. However, few studies have
investigated the anaerobic digestion characteristics
of poplar leaf as the sole feedstock. In this study, the
effect of combined pretreatment on the anaerobic
digestion of poplar leaves as the sole substrate is
conducted. The objective of the study is to: (1) to
test the anaerobic digestion performance when
poplar leaves are used as the sole substrate after
combined pretreatment and (2) to determine the
best combination of pretreatment condition para-
meters and the optimal condition for anaerobic
digestion.

2. Experimental methods

2.1. Experimental material

Poplar leaves collected from the scientific and
educational park of the Henan Agricultural
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University were used as raw materials for these
fermentation experiments. After natural air-
drying, the poplar leaves were milled in a ball-
milling machine for later use. Ammonia chloride
(NH4Cl) was added to adjust the carbon/nitrogen
ratio (C/N) to 25 [36]. The biogas slurry was
removed during the final-stage fermentation from
a normal biogas digester. The slurry had a 30%
concentration of fermentation broth, and this was
used as the inoculation after enrichment culturing.
The experiments were conducted in Key
Laboratory of Renewable Energy of Ministry of
Agriculture, Henan Agricultural University, and
they were completed in the summer of 2018.

2.2. Experimental apparatus

The fermentation equipment used in these experi-
ments was made by the Key Laboratory of
Renewable Energy of Ministry of Agriculture,
Henan Agricultural University, China, which was
based on the water displacement principle. The
equipment consisted of a 2.5 L fermentation con-
tainer where the leaves were digested and two 1 L
bottles for the collection of the water and gas. The
fermentation container was placed in a water bath
that was temperature controlled using a digital
thermostat controller (DFD-100, YuYao Eastern
Electrical Equipment Co. Ltd., China). In addition,
a 3000 rpm electric blender (JJ-3 H, Yuexin Yiqi
Co. Ltd., China), and a digital display thermo-
meter (DTSW, Taian Detu Automatic Equipment
Co. Ltd., China) were fixed on the top of the
container. A pH meter (PHS-II, Shanghai
Shengzi Equipment, Co. Ltd., China) was used to
monitor the changes in the pH value.

2.3. Experimental method and design

2.3.1. Pretreatment
Fermentation is a complicated process that can be
affected by many factors, not only during the
process, but even in the raw material preparation
stage. The Box-Behnken Design (BBD) was used
to investigate the influence of the alkali (calcium
hydroxide) concentration, the bacterial concentra-
tion, and the composting time as the pretreatment
operational parameters in three levels, as shown in
Table 1. According to the design, 17 experimental

trials were conducted with 5 replications of the
center points (Table 2). The total biogas produc-
tion was calculated as the response variable, which
was the sum of the daily water discharge volume.
In addition, the influence of the three parameters
was evaluated using the statistical software of
Design-Expert 8.0 (Stat Ease Inc. Minneapolis,
USA) to acquire the optimal combination of pre-
treatment conditions that corresponded to the
highest biogas production. Based on the experi-
mental results, a second order polynomial model
function was fitted to predict the optimal point.
The regression model, which expresses the inter-
action among parameters that affect the response
by changing them simultaneously, was generated
using an analysis of variance (ANOVA). In addi-
tion, the coefficient of determination (R2) was
used to describe the adequacy of the model [37].

2.3.2. Fermentation
Batch experiments were conducted to produce
biogas by anaerobic fermentation using poplar
leaves pretreated with optimized pretreatment
conditions, as stated in the previous section. The
groups with pretreatment were: T1, T2, T3, T4, T5,
T6, T7, T8, and T9, while the control groups

Table 1. Variables and levels of factors used in the experiments.

Variable Parameters

Level

−1 0 +1

A Alkali concentration (%) 2 4 6
B Bacteria concentration (‰) 0.10 0.15 0.20
C Composting time (days) 2 5 8

Table 2. Real value of the variables and response variable.
Trails A (%) B (‰) C (Days) Total Biogas Production (ml)

1 2 0.15 8 17,582
2 6 0.15 8 19,521
3 4 0.1 8 17,086
4 4 0.20 2 16,491
5 4 0.20 8 28,816
6 2 0.20 5 20,067
7 4 0.1 2 19,050
8 4 0.15 5 26,015
9 6 0.1 5 19,243
10 4 0.15 5 24,267
11 2 0.15 2 11,243
12 4 0.15 5 28,212
13 2 0.1 5 17,890
14 6 0.20 5 27,215
15 4 0.15 5 26,800
16 6 0.15 2 14,718
17 4 0.15 5 25,816
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without pretreatment were: U1, U2, U3, U4, U5,
U6, U7, U8, and U9. The total solids concentra-
tions (TS) of the fermentation broth, fermentation
temperature, and pH value were evaluated as fac-
tors affecting the fermentation experiments.
Temperature and pH value were adjusted prior
to each experiment. The daily biogas production
was measured using water displacement to explore
changes in the biogas generation rate and the
cumulative biogas production for each group
[38]. Based on the experimental results, the opera-
tional parameters for biogas production were ana-
lyzed to optimally control the fermentation
process.

2.3.3. Kinetic model prediction
To more effectively evaluate the anaerobic diges-
tion process, the Modified Gompertz model [39]
was chosen as the best model to describe the
kinetics of methane production from fermenta-
tion, as shown in Equation (1):

P tð Þ ¼ P

� exp �exp
Rmax � e

P
� λ� tð Þ

� �
þ 1

� �

(1)

where P(t) is the cumulated methane production
(ml∙g−1 VS) at a given time t (days); P is the
methane production potential (ml∙g−1 VS); Rmax

is the maximum methane production rate
(ml∙d−1∙g−1 VS); e is the Euler’s number; and λ is
the lag phase time (days).

3. Results and analysis

3.1. Pretreatment optimization

3.1.1. Statistical analysis of the regression model
Table 2 shows the matrix of the Box-Behnken
design for pretreatment optimization. The volume
of biogas produced was determined using the
water displacement method. A response analysis
was conducted to explore the relationship and
interaction among the alkali concentration (A),
the bacterial concentration (B), and the compost-
ing time (C). A second order polynomial equation
was fitted to the experimental results using
a multiple regression analysis. Thus, the equation

generated based on the mathematical regression
models in terms of coded factors is expressed as
follows:

Biogaas Production ¼ 26222þ 1739:38 � A
þ 2415 � Bþ 2687:88 � C
þ 1448:75 � AB� 384 � AC
þ 3572:25 � BC� 4856:5 � A2

� 261:75 � B2 � 5599:5C2

(2)

The equation in terms of actual factors eliminated
insignificant (P > 0.05) combinations of factors (AC
and B2) is expressed as follows:

Biogas Production=−1043.70833+8729.5625
(Alkali Concentration)– 97,315 (Bacterial
Concentration) + 3801.375 (Composting Time)
+ 14,487.5 (Alkali Concentration*Bacterial
Concentration)– 64 (Alkali Concentra
tion*Composting Time) + 23,815 (Bacterial
Concentration*Composting Time)– 1214.125
(Alkali Concentration2)– 1.047*105 (Bacterial
Concentration2)– 622.16667 (Composting
Time2). (3)

An analysis of variance (ANOVA) was per-
formed in which the model fitness was evaluated
using an F-test, as shown in Table 3. The ‘model
F-value’ of 34.90 implies the model is significant,
and there is only a 0.01% probability that the value
of 34.90 could occur due to noise. However, the
p-value of each model term indicates the signifi-
cance of variables and combinations individually.
After eliminating insignificant terms (P > 0.05)
[37] from the equation, a quadratic model was
presented with the appearance of quadratic
model terms and interactive model terms. The
high value of the determination coefficient (R2)
indicates the model fits well. Hence, R2

adj and
R2

pred are both good signs of model fitting. This
was also confirmed by a ‘lack of fit F-value’ of 0.22,
which implies that the ‘lack of fit’ was not signifi-
cant relative to the pure error. Moreover, the low
value of the percentage of coefficient of variation
(CV%) (5.56%) represents a high reliability of the
experiments [40]. Adequate precision is a signal to
noise ratio, and a value greater than four repre-
sents an adequate signal. This means that the
model can be used to navigate the design space.
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3.1.2. Effect of interactions among pretreatment
parameters
The three-dimensional response surface plots
shown in Figure 1 were generated to illustrate the
interaction of two variables, while keeping the
third variable at the zero level. As shown in

Figure 1(a), the interaction between the alkali con-
centration and the bacterial concentration had
clear synergism. The maximum response occurred
at the highest bacterial concentration and the cen-
tral level of the alkali concentration (4.66%).
Cellulose is primarily protected by lignin during

Figure 1. Response surface curves for biogas production as a function of alkali concentration and bacterial concentration. (a) Alkali
concentration and composting time (b); and bacterial concentration and composting time (c).

Table 3. Analysis of variance (ANOVA) of the response surface quadratic model.
Source Sum of Squares df Mean Square F Value p-value Prob > F

Model 4.36*108 9 4.84*107 34.90 a < 0.0001
A-Alkali Concentration 2.42*107 1 2.42*107 17.45 0.0042
B-Bacteria Concentration 4.67*107 1 4.67*107 33.63 0.0007
C-Composting Time 5.78*107 1 5.78*107 41.66 0.0003
AB 8.40*106 1 8.40*106 6.05 0.0435
AC 5.90*105 1 5.90*105 0.43 0.5352
BC 5.10*107 1 5.10*107 36.79 0.0005
A^2 9.93*107 1 9.93*107 71.58 < 0.0001
B^2 2.88*105 1 2.88*105 0.21 0.6622
C^2 1.32*108 1 1.32*108 95.16 < 0.0001
Residual 9.71*106 7 1.39*106

Lack of Fit 1.39*106 3 4.62*105 0.22 b 0.8766
Pure Error 8.32*106 4 2.08*106

Core Total 4.45*108 16

Std. Dev. = 1177.82, Mean = 21,178.35, C.V.% = 5.56, PRESS = 3.520*107,
R2 = 0.9782, R2adj = 0.9502, R2pred = 0.9210, Adequate precision = 20.016
asignificant with 95% confidence interval, b not significant
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anaerobic digestion [21]. The addition of alkali
improved the biodegradability of the leaves by
removing lignin, and this resulted in an increase
in biogas production. However, when the concen-
tration of alkali exceeded a certain point, which in
this case was 4.66%, the bacterial activity may have
been inhibited due to the acidity-alkalinity of the
fermentation. This would result in a decrease in
biogas production. An upward trend in biogas
production was found with an increase in the
bacterial concentration. This was because the bac-
teria decomposed the macromolecular organics in
the poplar leaves into small molecular sugars and
acids, which improved the digestion process.

The response surface curves as a function of alkali
concentration and composting time are presented in
Figure 1(b). The biogas production increased to its
peak and then decreased when the alkali concentra-
tion was set at a fixed value. It is clear that the biogas
production during a short composting time began at
a low biogas production rate and increased to a peak
point and then decreased. A similar trend was found
in Figure 1(c), when the concentration of bacteria
was fixed. A prolonged composting time provided
enough time for the growth of bacteria and the
degradation of leaves. However, with an increased
composting time, more leaves were consumed,
which may lead to a lack of raw material for biogas
production during anaerobic digestion.

Based on this analysis, the optimal condition
was calculated by solving the partial derivatives
of Equation (3). The results were an alkali concen-
tration of 4.61%, a bacterial concentration of
0.20‰, and a compositing time of 6.6 days, result-
ing in a biogas production of 30,580.7 ml. Three
parallel experiments were conducted under the
optimal condition for evaluation, and the results
proved that the model is reliable in its predictive
capacity.

3.2 Fermentation optimization

3.2.1. Changes in biogas production with
fermentation time
The daily biogas production of each group (treated
and untreated) under different digestion condi-
tions was measured using the water displacement
method; that is, by measuring the water discharge
volume. The total amount of biogas produced

during the experimental period of both treated
and untreated groups is shown in Table 4. The
total biogas production in the treated groups
increased by an average of 523% (range 480% to
547%) compared to the untreated groups. Figure 2
shows the change in the daily based biogas accu-
mulation with fermentation time of all of the
groups. The total biogas production during the
fermentation process and the daily biogas produc-
tion of the treated groups were approximately five
times higher on average than those of the
untreated groups. In addition, all of the treated
groups had peaks that appeared one day earlier
on average during fermentation than that of the
untreated groups.

Table 4. Total biogas production of the treated and untreated
groups under different fermentation conditions.

Group pH TS (%) Temperature (°C)

Total biogas production (ml)

Treated Untreated

T1/U1 6 8 25 26,183 4515
T2/U2 6 10 30 35,130 5637
T3/U3 6 12 35 26,805 4533
T4/U4 7 8 30 34,677 5411
T5/U5 7 10 35 31,418 4859
T6/U6 7 12 25 33,752 5401
T7/U7 8 8 35 23,704 3797
T8/U8 8 10 25 32,234 5005
T9/U9 8 12 30 39,625 6209

Figure 2. Changes in the daily biogas production with fermen-
tation time of the treated groups (t) and the untreated groups
(u). (T1/U1: pH 6, TS 8%, Temperature 25°C. T2/U2, pH 6, TS
10%, Temperature 30°C. T3/U3, pH 6, TS 12%, Temperature 35°
C. T4/U4, pH 7, TS 8%, Temperature 30°C. T5/U5, pH 7, TS 10%,
Temperature 35°C. T6/U6, pH 7, TS 12%, Temperature 25°C. T7/
U7, pH 8, TS 8%, Temperature 35°C. T8/U8, pH 6, TS 10%,
Temperature 25°C. T9/U9, pH 8, TS 12%, Temperature 30°C.).
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Figure 3–5 present the variations in the biogas
generation rate for the treated and untreated
groups with different TS values, pH value, and

temperatures. As shown in Figure 3, temperature
played the most important role in affecting the
biogas generation at the same level of TS, with

Figure 3. Changes in the biogas generation rate in the treated and untreated groups at different temperatures. A: 25°C, B: 30°C, and
C:35°C. (T1/U1: pH 6, TS 8%, Temperature 25°C. T2/U2, pH 6, TS 10%, Temperature 30°C. T3/U3, pH 6, TS 12%, Temperature 35°C. T4/
U4, pH 7, TS 8%, Temperature 30°C. T5/U5, pH 7, TS 10%, Temperature 35°C. T6/U6, pH 7, TS 12%, Temperature 25°C. T7/U7, pH 8, TS
8%, Temperature 35°C. T8/U8, pH 6, TS 10%, Temperature 25°C. T9/U9, pH 8, TS 12%, Temperature 30°C.).

Figure 4. Changes in the biogas generation rate in the treated and untreated groups with different TS levels. A: 8%, B: 10%, and C:
12%. (T1/U1: pH 6, TS 8%, Temperature 25°C. T2/U2, pH 6, TS 10%, Temperature 30°C. T3/U3, pH 6, TS 12%, Temperature 35°C. T4/
U4, pH 7, TS 8%, Temperature 30°C. T5/U5, pH 7, TS 10%, Temperature 35°C. T6/U6, pH 7, TS 12%, Temperature 25°C. T7/U7, pH 8, TS
8%, Temperature 35°C. T8/U8, pH 6, TS 10%, Temperature 25°C. T9/U9, pH 8, TS 12%, Temperature 30°C.).
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the highest amount produced at 30°C. In con-
trast, the biogas production was affected the
most by the TS at the same temperature level,
which peaked at 12% for the TS of fermentation
broth. By increasing the TS from 8% to 12%,
biogas production continuously rose (Figure 4),
which indicated the activation of microbial
metabolism. Biogas production was first
increased when the pH value increased from 6
to 7, but this was followed by a decline as the
pH changed from 7 to 8, as shown in Figure 5.
In connection with Figure 3–5, the factor that
had the greatest affect during anaerobic diges-
tion was the fermentation temperature. This was
followed by the TS of the fermentation broth
and then pH value. The entire process of poplar
leaf anaerobic digestion in both the treated and
untreated groups had a fermentation period of
40 days, and the biogas generation trend was
similar, where the biogas production increased
rapidly in the early stage and gradually
decreased after reaching the peak. In addition,
the peak of the daily biogas yield for the treated
groups was narrower and higher than in the
untreated groups.

3.2.2 Kinetics analysis of optimized fermentation
An experimental trial in the optimized condition,
which was 30°C with a pH 7 and 10% solid concen-
tration, was performed to analyze the kinetics of
methane production. The kinetic parameters of the
cumulated methane production model were pro-
vided by fitting the experimental data to the mod-
ified Gompertz model (Equation 1). This is
summarized in Figure 6. The fitted curve is shown

Figure 5. Changes in the biogas generation rate in the treated and untreated groups at different pH value. A: pH 6, B: pH 7, and C:
pH 8. (T1/U1: pH 6, TS 8%, Temperature 25°C. T2/U2, pH 6, TS 10%, Temperature 30°C. T3/U3, pH 6, TS 12%, Temperature 35°C. T4/
U4, pH 7, TS 8%, Temperature 30°C. T5/U5, pH 7, TS 10%, Temperature 35°C. T6/U6, pH 7, TS 12%, Temperature 25°C. T7/U7, pH 8, TS
8%, Temperature 35°C. T8/U8, pH 6, TS 10%, Temperature 25°C. T9/U9, pH 8, TS 12%, Temperature 30°C.).

Figure 6. Fitting of the modified Gompertz model to the
experimental data of optimized fermentation.
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in Figure 6, and it exhibits good agreement between
the kinetic fitting data and the observed data. The
calculated correlation coefficient (R2) was greater
than 0.99, suggesting that the modified Gompertz
model was able to sufficiently describe methane
production. In addition, this indicated a good fit of
the model predictions with the experimental data.

The experimental methane production was
231.59 ml∙g-1 VS. A comparison of the different
pre-treatments to increase methane production
using two agricultural substrates was performed.
When compared with other mono-digestion tech-
niques, methane yield was higher in the untreated
rice straw (178.3 ml∙g-1 VS) [41], the 3% H2O2

treated corn straw (216.7 ml∙g-1 VS) [42], the 5%
NaOH treated corn stover (82 ml∙g-1 VS) [43], the
5.0% NaOH treated poplar processing residue
(271.9 ml∙g-1 VS) [27], and the 3.0% NaOH trea-
ted poplar waste (81.1 ml∙g-1 VS) [28].

4. Conclusion

Operational parameters during the pretreatment and
digestion process of poplar leaves were optimized.
The optimal pretreatment condition for poplar
leaves fermentation was: an alkali concentration of
4.61%, a bacterial concentration of 0.20‰, and
a composting time of 6.6 days. Among the opera-
tional parameters in this research, temperature was
the most affected factor. Temperature was followed
by the TS and pH value. The optimal condition for
anaerobic digestion for poplar leaves was 30°C with
a pH of 7 and a 10% solid concentration. The results
of the contrasting tests were confirmed using the
pretreatment experiment, which showed the cumu-
lative biogas production increased by 480–547%.
The peak periods of biogas production for the trea-
ted groups were one day earlier than those of the
untreated groups. The experimental results for bio-
gas production from optimized trial were well pre-
dicted using the modified Gompertz model, and the
methane production was higher than during the
mono-digestion of untreated rice straw or chemi-
cally treated corn straw and stover. This result indi-
cates that the combined pretreatment was effective.
Also, poplar leaves show promise as a fermentation
raw material. The information produced by this
study is important for the further exploration of
poplar anaerobic digestion.
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