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Abstract

:

Upgrading wet biomass to char via hydrothermal carbonization is a promising method to produce valuable resources for adsorption of organic impurities. In this work, a fresh green seaweed, Ulva pertusa, was investigated to demonstrate the effects of pre-drying and pre-washing on the process and the hydrochar production. Surface moisture and bound moisture were found to affect this process. Hydrochar produced from fresh seaweed with additional water showed similar adsorption capacity to fresh seaweed without additional water and 38% higher than hydrochar from soaked dry seaweed. This was supported by FTIR spectra analysis, which showed that these hydrochars produced from fresh seaweed without additional water have the highest proportion of carboxyl functional groups.
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1. Introduction


Hydrothermal carbonization (HTC) is an energy-efficient thermochemical conversion process to convert biowaste into value-added products [1]. Due to the aqueous reaction medium, the hydrothermal carbonization process is a suitable technology for conversion of biomass with high moisture content, such as algal waste, without a prior energy-intensive drying process [2,3,4]. Raw biomass material contains two types of moisture: surface and bound moisture [5]. The water in HTC helps to break down the biomass constituents including cellulose and hemicellulose. It also removes (dissolves) impurities such as minerals and contaminants. Water serves as a medium for the reaction and helps to control the conditions for producing high-quality hydrochar. A higher ratio of water to biomass leads to a more complete biomass conversion, as the water supports the decomposition of the biomass. It has been reported that most researchers have dried the biomass specifically to control the amount of water present in the HTC process, thus eliminating water variability in the feedstock as a source of variation in the process outcome. This is performed, research-wise, in order to find optimum HTC process conditions and to improve efficiency and yield [3,6,7], but there is still a lack of research on the impact of the water-to-biomass ratio on product quality, and there is no literature, to the best of the authors’ knowledge, on how biomass drying affects hydrochar quality.



This research aims to study the effects of temperature and water-to-biomass ratio on the hydrothermal carbonization treatment. Additionally, the adsorption capability of hydrochar produced from fresh, unwashed, and dried seaweed will be compared to investigate how these parameters affect the adsorption capacity, using methylene blue (MB) as a model compound.




2. Materials and Methods


This research used green algae called Ulva pertusa, collected from Busan city, South Korea, in January 2021. The moisture content of the waste seaweed was 80.2 ± 0.1%. Part of the seaweed was immediately used in the HTC experiment without any pretreatment, such as washing or dying, while another part was washed to remove other species and debris. All experiments were compared to hydrochar produced from dried seaweed that was investigated in previous work [8].



2.1. Experimental


The HTC experiment made use of an autoclave reactor filled with Ulva pertusa seaweed and an electric oven set at 180 °C, 210 °C, and 250 °C with autogenic pressure. The study comprised two types of experiments: one evaluated only the moisture content of the biomass, and the other included the addition of a specific amount of water, three times higher than the dry weight of the fresh seaweed (FS) as previously determined [8]. For this purpose, both washed fresh seaweed without added water (FS-0) and with added water (FS-3), were used. The resulting hydrochar slurry was then cooled, filtered, dried, and its yield was measured [9], with the hydrochar designated as coming from washed (FS) or unwashed (UFS) seaweed.




2.2. Characterization


The characterization of hydrochars has been achieved in previous work [8] using elemental analysis, TGA, and FTIR. Adsorption experiments were performed with methylene blue as the model compound. A mass of 10 mg of hydrochar was added to 5 mL of MB dye solution with different concentrations. The pH was fixed to 7 and the stirring rate was 150 rpm. The adsorption capacity was calculated using Equation (1). The equilibrium adsorption data was fitted with Langmuir and Freundlich isotherms using Equations (2) and (3), respectively [10,11].



The adsorption experiment aims to measure how much of the MB dye is adsorbed by the hydrochar. The Langmuir and Freundlich isotherm models describe the binding of methylene blue molecules to the hydrochar surface. The Langmuir isotherm describes a scenario where the adsorbate molecules bind to a specific site on the surface of the adsorbent, while the Freundlich isotherm describes a scenario where the adsorbate molecules can bind to multiple sites on the surface of the adsorbent.


   q e  =   (  C 0  −  C e  ) V  m   



(1)






   q e  =    Q 0   K L   C e    1 +  K L   C e     



(2)






   q e  =      K   F   C e   1 n     



(3)




where qe: adsorbed MB amount (mg g−1), C0: initial concentration (mg L−1), Ce: equilibrium concentration (mg L−1), V: volume of MB solution (L), m: hydrochar dosage (g), Q0: maximal MB adsorption capacity (mg g−1), KL: Langmuir equilibrium coefficient (L mg−1), KF: Freundlich equilibrium coefficient (mg1−1/n·L1/n g−1), and the factor 1/n represents the adsorption intensity, also known as the heterogeneity factor of the adsorption.




2.3. Statistic Analysis


The statistical significance of differences was explored using a one-way analysis of variance (ANOVA), with a significance level of α = 0.05. The one-way ANOVA was conducted using the f_oneway() function from the scipy.stats module in Python (refer to Supporting Information, S.1).





3. Results and Discussion


Figure 1 shows a lower yield at higher temperature, which is due to more biomass decomposition. However, the yield slightly increases as the temperature increases from 210 °C to 250 °C (fresh seaweed) due to secondary charring [12,13]. A lower water-to-biomass ratios increase the yield, as observed for FS-0, which had the highest yield 52.2 ± 0.4% at 210 °C among other types of biomasses. This is due to higher concentration of intermediates in the aqueous environment, favoring the hydrochar formation reaction.



Table 1 shows the elemental composition of seaweed and hydrochar under different conditions. The oxygen content in the hydrochar decreases with carbonization temperature, indicating more complete carbonization. Notably, at 210 °C, the hydrochar from dried seaweed had a higher oxygen content (31.2 ± 0.3%) than fresh seaweed. Higher oxygen content indicates incomplete carbonization, hence carbonizing fresh seaweed without pre-drying results in a better hydrochar [14]. The highest increase in carbon content was observed at 250 °C in UFS-0 hydrochar with an increase of about 70%. The hydrochar produced from dried seaweed had the lowest ash content, which may be due to the fact that dried seaweed had a lower mineral content due to the leaching of some minerals into the water during the washing step. The elevated ash content observed in UFS-3 may be ascribed to the minerals and impurities that were attached to the biomass from the ocean and not thoroughly washed off prior to the hydrothermal carbonization process. The reason for the high ash content in FS-0 is the mineral precipitation that occurs at lower water ratios. As the aqueous solution becomes more concentrated, the likelihood of precipitation increases, resulting in a higher ash content compared to FS-3 [15].



Table 1 presents the results of a comparison of p-values for different samples and temperatures. The p-values are used to determine the statistical significance of the differences between the measured values of each element (N, C, H, S, O, and Ash) in each biomass type at different reaction temperatures. The p-value is given for each biomass type group, which is a statistical measure of the probability of obtaining a result as extreme or more extreme than the observed result if the null hypothesis were true (i.e., if there were no significant difference between the temperatures). A p-value less than 0.05 is typically considered statistically significant, indicating that there is strong evidence against the null hypothesis. The p-values for C content for FS-0 and FS-3 are 0.32 and 0.23, which suggests that there is not a significant difference in carbon content between these two samples at different reaction temperatures. The statistical analysis indicates that the p-values for nitrogen (N) were not significant for both UFS-3 and FS-3. Similarly, the p-values for hydrogen (H) were also not significant for any sample or temperature. This suggests that the hydrogen content in the samples is not significantly influenced by the temperature or sample conditions. For oxygen (O), the p-values were significant for the UFS-0 and Dry-S samples. Additionally, the p-value for sulfur (S) was significant for FS-0. These results suggest that the sulfur and oxygen contents in these samples are significantly different from those at other temperatures [16].



The cumulative mass loss and rate of mass loss in thermogravimetric analysis for the hydrochar produced at 210 °C are shown in Figure 2. The details for all hydrochar at different reaction temperatures are given in the Supporting Information, Figure S1. From the TGA and dTG curves, it can be observed that the thermal decomposition process is divided into three phases: evaporation of moisture (lower than 105 °C), release of volatiles, and char formation. Most of the mass loss occurs in the second phase (between 190 and 320 °C), when the structures of remaining or degraded hemicellulose and cellulose begin to break down. The third peak is around 510 °C, which is related to the degradation of inorganic materials. The three peaks for hydrochar produced from washed fresh seaweed are more prominent than those of unwashed and dried seaweed, indicating a higher content of remaining (or partially degraded) cellulose and hemicellulose. A peak around 300 °C on the TGA curve could indicate the beginning of the thermal degradation process of cellulose. The hydrochar produced from washed dry seaweed had a higher remaining/degraded cellulose content than FS-3 and UFS-3, which, theoretically, have the same water-to-biomass ratio. The cellulose peak for FS-0 and UFS-0, which have a lower water-to-biomass ratio, was shifted to a lower temperature due to the different amount of water used in HTC, so the reaction path is likely to be different, and the cellulose is decomposed at a lower temperature. On the derivative thermogravimetric curve (Figure 2b), the highest total mass loss was observed for FS-0 and UFS-0, which shows the thermal instability of the mentioned hydrochar. Hydrochar produced from dry seaweed at 210 °C has a different thermal decomposition behavior that could be due to a different structure compared to the samples, which affects its TGA peak pattern [17,18].



FTIR spectra of the hydrochars produced under different biomass conditions at 210 °C are shown in Figure 3a, and all reaction temperatures can be found in the Supporting Information (Figure S2). The oxygen-containing functional groups, which hold moisture via hydrogen bonds, are the first to be degraded in the decomposition process. The transmittance peak around 3500 cm−1 represents the hydroxyl group in carboxylic acids and hydroxyl functional groups. The peak at 1650 cm−1 is related to the C=O bond, and the peak at 1020 cm−1 represents C–O bonds. With increasing water-to-biomass ratio, these peaks become stronger, indicating more hydroxyl and carboxyl groups in that hydrochar. The same result was shown for pyrolysis of cellulose [19]. Adsorption experiment results correspondingly showed that FS-3 and UFS-3 hydrochars had the highest adsorption capacity and the most acidic functional groups that interact well with the cationic MB dye.



The intensity of an absorption band in an FTIR spectra is proportional to the number of absorbing bonds in a sample. The surface area under the absorption band in the FTIR spectra for different hydrochars corresponding to the carboxyl functional group (Figure 3a), shows that FS-3 and UFS-3 have the highest amount of this functional group, the highest adsorption capacity (Figure 3a,b), and the most acidic functional groups that interact well with the cationic MB dye.



The difference in adsorption between hydrochars produced from fresh and dried seaweed can be attributed to the fact that hydrochars produced from fresh seaweed originally contain more oxygen-containing functional groups, which can affect the quality of the hydrochar produced and, subsequently, the chemistry of the HTC. The introduction of additional water to the fresh biomass is beneficial for the development of dehydration and decarboxylation reactions and results in hydrochar with a higher carbon content. The Van Krevelen diagram (Supporting Information, Figure S3) demonstrates that the hydrochar made from dried seaweed has fewer chemical changes in comparison to other biomasses, whereas the hydrochar produced from 210 °C UFS-3 displays the highest carbon content and the most advanced stages of dehydration and decarboxylation development [20].



The Freundlich and Langmuir models show that the hydrochar from fresh waste seaweed with added water has the highest adsorption capacity (see Table 2) and performs better in comparison to other types of biomasses. The results showed that the maximum adsorption capacity of hydrochar produced from fresh waste seaweed with additional water was 73.9 ± 0.9 mg g−1 at a reaction temperature of 210 °C. This hydrochar showed superior adsorption behavior compared to other hydrochars. The higher data of the functional group also indicated a higher concentration of acidic functional groups in this hydrochar, which was 15% higher than UFS-0 and 83% higher than FS-0. Hydrochar from dried seaweed has about 38% lower adsorption capacity compared to hydrochar from fresh seaweed. One possible reason could be that the prior drying process affects the characteristics of the produced hydrochar. In general, the drying process results in a hydrochar with a more aromatic chemical structure, which may affect the hydrochar’s ability to adsorb contaminants.




4. Conclusions


This manuscript discusses the practical significance of key hydrochar parameters and their optimization. The authors found that a higher temperature results in lower yield due to more biomass decomposition, but the yield slightly increases with temperature going from 210 °C to 250 °C due to secondary charring.



FTIR spectra of the hydrochars produced under different biomass conditions at 210 °C showed that hydroxyl and carboxyl groups increase with increasing water-to-biomass ratio, indicating more acidic functional groups.



Adsorption experiment results correspondingly showed that hydrochars with the most acidic functional groups, such as FS-3 and UFS-3, had the highest adsorption capacities and interacted well with cationic MB dye.



Hydrochar produced from fresh waste seaweed with additional water had the highest adsorption capacity and performed better than other types of hydrochars. However, hydrochar produced from dried seaweed had about 38% lower adsorption capacity, possibly due to the drying process affecting the characteristics of the produced hydrochar. Overall, this manuscript provides valuable insights into the optimization of hydrochar parameters for practical applications, particularly in the area of adsorption.
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Figure 1. Effect of reaction temperature and water-to-biomass ratio on hydrochar yield, (─) washed FS-0; (─) UFS-0; (─) FS-3; (─) UFS-3; (─) Dry S, W:B = 3. Dashed lines are added to guide the eye. 
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Figure 2. (a) dTG curves and (b) TGA curves of hydrochar (─) washed FS, W:B = 0; (─) UFS, W:B = 0; (─) FS, W:B = 3; (─) UFS, W:B = 3; (─) Dry S, W:B = 3. Conditions: reaction temperature of 210 °C and reaction time of 4 h. 
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Figure 3. (a) Freundlich and (b) Langmuir adsorption isotherms and (c) comparison of surface area underneath (colored part) the FTIR spectra for: (─) FS-0; (─) UFS-0; (─) FS, W:B = 3; (─) UFS-3; (─) Dry S, W:B = 3 at reaction temperature of 210 °C and reaction time of 4 h. 
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Table 1. Elemental analysis of hydrochar.
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Sample

	
Temperature

(°C)

	
N

(wt.%)

	
p-Value

	
C

(wt.%)

	
p-Value

	
H

(wt.%)

	
p-Value

	
S

(wt.%)

	
p-Value

	
O

(wt.%)

	
p-Value

	
Ash

(wt.%)






	
Ulva

	
-

	
1.19 ± 0.01

	

	
33.01 ± 0.54

	

	
5.3 ± 0.1

	

	
0.18 ± 0.26

	

	
43.84 ± 0.91

	

	
16.48




	
UFS-0

	
180

	
4.17 ± 0.04

	
0.08

	
44.60 ± 0.55

	
0.03

	
4.69 ± 0.09

	
0.13

	
0.39 ± 0.03

	
0.37

	
34.58 ± 0.66

	
0.02

	
11.65




	
210

	
4.00 ± 0.03

	

	
47.91 ± 0.33

	

	
4.73 ± 0.01

	

	
0.36 ± 0.00

	

	
30.62 ± 0.32

	

	
12.41




	
250

	
4.55 ± 0.02

	

	
56.25 ± 0.62

	

	
5.15 ± 0.01

	

	
0.36 ± 0.07

	

	
22.27 ± 0.58

	

	
11.54




	
UFS-3

	
180

	
3.99 ± 0.01

	
0.11

	
43.13 ± 0.14

	
0.05

	
4.75 ± 0.02

	
0.34

	
0.29 ± 0.02

	
0.25

	
23.34 ± 0.18

	
0.2

	
24.57




	
210

	
4.20 ± 0.01

	

	
52.22 ± 1.24

	

	
4.99 ± 0.09

	

	
0.34 ± 0.02

	

	
25.43 ± 1.35

	

	
12.87




	
250

	
4.10 ± 0.02

	

	
55.28 ± 0.61

	

	
5.03 ± 0.02

	

	
0.19 ± 0.00

	

	
27.01 ± 0.61

	

	
8.48




	
FS-0

	
180

	
3.90 ± 0.04

	
0.07

	
45.39 ± 0.84

	
0.32

	
4.79 ± 0.05

	
0.73

	
0.60 ± 0.06

	
0.02

	
29.20 ± 0.99

	
0.59

	
16.21




	
210

	
4.02 ± 0.01

	

	
49.63 ± 1.63

	

	
4.73 ± 0.22

	

	
0.67 ± 0.01

	

	
25.69 ± 1.86

	

	
15.38




	
250

	
4.38 ± 0.01

	

	
53.55 ± 0.66

	

	
4.93 ± 0.02

	

	
0.68 ± 0.06

	

	
25.32 ± 0.62

	

	
11.21




	
FS-3

	
180

	
3.90 ± 0.03

	
0.35

	
44.20 ± 1.70

	
0.23

	
4.97 ± 0.18

	
0.71

	
0.47 ± 0.04

	
0.07

	
33.72 ± 1.86

	
0.28

	
12.76




	
210

	
3.93 ± 0.06

	

	
49.17 ± 1.92

	

	
4.73 ± 0.20

	

	
0.23 ± 0.01

	

	
28.43 ± 2.16

	

	
13.61




	
250

	
4.22 ± 0.06

	

	
55.70 ± 0.51

	

	
5.05 ± 0.01

	

	
0.30 ± 0.03

	

	
23.23 ± 0.40

	

	
11.53




	
Dry S

	
180

	
3.62 ± 0.08

	
0.06

	
48.44 ± 0.21

	
0.03

	
5.20 ± 0.02

	
0.72

	
0.65 ± 0.02

	
0.11

	
29.91 ± 0.29

	
0.03

	
12.23




	
210

	
3.45 ± 0.07

	

	
47.94 ± 0.42

	

	
5.25 ± 0.10

	

	
1.17 ± 0.13

	

	
31.18 ± 0.33

	

	
11.13




	
250

	
3.94 ± 0.05

	

	
58.77 ± 0.27

	

	
5.33 ± 0.04

	

	
0.64 ± 0.07

	

	
19.88 ± 0.21

	

	
11.59
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Table 2. Adsorption isotherm parameters of MB adsorption onto different hydrochar.
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Freundlich

	

	

	
Langmuir

	

	




	
HC Type

	
T (°C)

	
qe

(mg g−1)

	
KF

(mg1−1/n·L1/n g−1)

	
n

	
RSS

	
qm

(mg g−1)

	
KL

(L mg−1)

	
RSS






	
FS-0

	
180

	
82.4 ± 0.03

	
11.64 ± 3.64

	
1.78 ± 0.31

	
336.1

	
133.49 ± 32.84

	
0.050 ± 0.020

	
361.16




	

	
210

	
66.8 ± 4.26

	
8.34 ± 2.58

	
1.98 ± 0.32

	
219.5

	
94.62 ± 15.56

	
0.040 ± 0.010

	
193.04




	

	
250

	
66.0 ± 0.86

	
2.76 ± 1.46

	
1.32 ± 0.23

	
28.81

	
139.46 ± 14.08

	
0.014 ± 0.010

	
20.98




	
FS-3

	
180

	
84.03 ± 0.03

	
11.47 ± 3.37

	
1.77 ± 0.29

	
105.71

	
104.82 ± 7.02

	
0.12 ± 0.02

	
102.37




	

	
210

	
73.92 ± 0.85

	
8.35 ± 2.58

	
1.98 ± 0.32

	
28.88

	
117.91 ± 5.91

	
0.038 ± 0.01

	
16.55




	

	
250

	
66.96 ± 2.15

	
3.96 ± 0.61

	
1.47 ± 0.08

	
73.09

	
130.91 ± 19.0

	
0.017 ± 0.01

	
57.14




	
UFS-0

	
180

	
72.01 ± 0.96

	
14.26 ± 2.21

	
2.30 ± 0.24

	
138.89

	
88.71 ± 1.81

	
0.10 ± 0.01

	
8.26




	

	
210

	
70.86 ± 3.14

	
7.19 ± 2.08

	
1.77 ± 0.24

	
203.43

	
110.23 ± 14.72

	
0.031 ± 0.01

	
126.38




	

	
250

	
65.29 ± 1.69

	
4.25 ± 1.94

	
1.49 ± 0.27

	
337.71

	
122.53 ± 32.97

	
0.019 ± 0.01

	
251.47




	
UFS-3

	
180

	
73.64 ± 2.58

	
11.02 ± 4.32

	
1.97 ± 0.45

	
645.59

	
105.11 ± 22.9

	
0.06 ± 0.03

	
8.26




	

	
210

	
72.29 ± 1.28

	
10.28 ± 2.04

	
1.96 ± 0.22

	
135.21

	
104.15 ± 7.77

	
0.05 ± 0.01

	
126.38




	

	
250

	
68.36 ± 3.85

	
5.61 ± 2.13

	
1.62 ± 0.27

	
256.91

	
121.57 ± 26.4

	
0.02 ± 0.01

	
251.47




	
Dry S

	
180

	
68.25 ± 2.58

	
11.73 ± 1.65

	
2.26 ± 0.19

	
177.56

	
81.04 ± 3.71

	
0.09 ± 0.01

	
66.9




	

	
210

	
45.86 ± 3.89

	
6.42 ± 1.11

	
2.41 ± 0.24

	
150.23

	
57.56 ± 4.35

	
0.06 ± 0.02

	
218.01




	

	
250

	
38.24 ± 2.16

	
4.12 ± 1.01

	
2.12 ± 0.14

	
210.16

	
38.55 ± 4.31

	
0.02 ± 0.01

	
250.2
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