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CAPÍTULO REIVINDICATORIO MODIFICADO 

(Primer Examen de Fondo) 

 

1. Un proceso para la producción de hidrógeno por fermentación de residuos orgánicos 

en un entorno cerrado, sin suministro de oxígeno y en ausencia de luz, que comprende las 

siguientes etapas: 

a) preparar un sustrato complejo que comprende carbohidratos, proteínas, 

lípidos, almidón, celulosa y hemicelulosa; 

b) someter dicho sustrato complejo a acidificación, sin intervención, entre 12 y 

72 horas, hasta alcanzar un pH entre 3,0 y 5,0; 

c) adicionar un agente alcalinizante escalonadamente, hasta alcanzar un pH entre 

5,0 y 6,5 a condiciones ambientales; 

d) obtener el hidrógeno. 

 

2. El proceso según la Reivindicación 1, donde el sustrato complejo se prepara por 

trituración y/o molienda de residuos orgánicos. 

 

3. El proceso según la Reivindicación 1, donde los carbohidratos comprenden 

polisacáridos, disacáridos o monosacáridos tipo glucosa y fructosa. 

 

4. El proceso según la Reivindicación 1, donde el sustrato complejo tiene valores de 

demanda química de oxígeno (DQO) entre 20 y 100g de O2/L y de sólidos volátiles totales 

(SVT) entre 10 y 100g/L. 

 

5. El proceso según la Reivindicación 1, en donde el agente alcalinizante se selecciona 

del grupo que consiste de cal agrícola, óxido de calcio, hidróxido de sodio (NaOH), 

bicarbonato de sodio (NaHCO3) y sus combinaciones. 

 

6. El proceso según la Reivindicación 1, donde el agente alcalinizante es cal agrícola. 

 

7. El proceso según la Reivindicación 1, donde en la etapa c) las condiciones 

ambientales son temperatura entre 30 y 40°C y agitación entre 30 y 45 rpm. 

 

8. El proceso según la Reivindicación 1, donde las etapas b) y c) se realizan en el mismo 

bioreactor o en bioreactores diferentes, operados en forma continua o discontinua y con o sin 

la presencia de agitadores. 

 

*************** 



Elaboración de un protocolo que permita la determinación por HPLC de carbohidratos y ácidos 

orgánicos presentes en una matriz compleja proveniente de un proceso de fermentación anaerobia 

de residuos orgánicos orientado a la generación de biohidrógeno 

Table 1. Duration of acidification stage. 

 

Test Tacn (days) 
Tacn 

(hours) 

1 2 48 

2 3 72 

3 3 72 

4 1 24 

5 1 24 

6 3 72 

7 1 24 

8 1 24 

9 3 72 

10 3 72 

11 1 24 

12 1 24 

13 3 72 

14 2 48 

15 2 48 

16 2 48 

17 2 48 

18 2 48 

19 2 48 

20 2 48 

21 1 24 

22 1 24 

23 3 72 

24 3 72 

25 2 48 

26 0 0 

27 3 72 

28 1 24 

29 1 24 

30 3 72 

31 3 72 

 



 

Figure 2. Hydrogen production and initial concentration of sugars 

(hexoses) in the tests. 

 

The consumption of glucose and fructose in the tests where hydrogen was 

generated (Figure 3) indicate that by the first day of gas production, both 

had already been consumed. Therefore, these were not taken as a 

substrate for the hydrogen generation but consumed in stage 2 during 

the natural acidification by non-hydrogen producing microorganism, 

regardless of its duration (between 1 and 4 days). In test 26 there was 

no stage 2 (ACT = 0 days), in it, lime was added from the beginning of 

the fermentation, making the sugars available for the hydrogen-producing 

microorganisms, however, the gas was not generated. 

Figure 3. Performance of glucose (a) and fructose (b) in the tests where 

hydrogen was generated. 
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Performance of acids. The main acids detected were lactic, acetic, 

propionic and butyric. In general, lactic acid showed an increase in stage 

2 during the natural acidification of the substrate (Figure 4). Afterward, 

in those tests where hydrogen was generated, its concentration decreased 

until the production stopped. The increase in the lactic acid concentration 
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and the small variation of acetic, propionic and butyric during the natural 

acidification in stage 2, coincides with the complete consumption of 

hexoses, which would indicate that these sugars were used in this stage 

primarily to generate lactic acid without producing hydrogen. 

Figure 4. Performance of lactic acid at the beginning and end of the 

acidification phase, and at the end of the fermentation. 

 

In the tests where hydrogen was generated, the acid with the highest 

concentration at the end of the fermentation was butyric acid, except for 

test 30, where the acid with the highest concentration was acetic acid 

(Figure 5). In general, acetic acid slightly increased its concentration in 

all the tests where hydrogen was produced. A different situation occurred 

for butyric acid given that for most of the fermentations and as a general 

rule, its concentration vastly increased every day with the generation of 

hydrogen. In tests 7 and 29, the predominant acid was propionic, which 

explains their low hydrogen production. The high concentration of this 

acid can be attributed to the temperature of the fermentation tests, which 

was of 40 °C, under these conditions some bacteria adopt the propionic 

pathway in which hydrogen is not produced (Li et al., 2014; Rosa et al., 

2016). 
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Figure 5. Concentration of organic acids at the end of the 

fermentations. 

 

Performance indicators and metabolic pathways in fermentation 

tests 

The maximum conversion efficiency of hexoses to lactic acid was 1.9 mol 

lactic acid/mol hexose (Table 4). When homolactic bacteria are found in 

acidic environments, rich in nutrients and at Mesolithic temperature, they 

use the Embden-Meyerhof-Parnas pathway to form lactic acid from 

glucose with a conversion percentage greater than 85% (Parra, 2010) 

and a theoretical yield of 2 moles of lactic acid/hexose mole (Equation 9, 

thermodynamically favorable reaction, Saady, 2013). The yield in the 

fermentation with the higher hydrogen production (assay 22) was of 1.8, 

which represents a conversion efficiency of 90%; this indicates that during 

the natural acidification stage, the hexoses were transformed mainly into 

lactic acid following the homolactic pathway. 

𝐶6𝐻12𝑂6 →  2𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 + 𝐻+  ;                        ∆𝐺𝑜 =  −225,4 𝑘𝑗/𝑚𝑜𝑙 

 (9) 

 

Table 4. Process indicator of the process yields and predominant 

metabolic pathway. 
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Test Ylac-hex (mol lactic 

acid/hexose mol) 

Ylac (molH2/mol 

lactic acid) 

Yhex 

(molH2/hexose 

mol) 

Ratio 

AA/AB 

7 0.5 0.2 0.1 1.8 

12 0.9 0.1 0.1 1.4 

14 0.2 0.1 0.02 0.7 

15 1.9 0.2 0.3 0.3 

16 1.9 0.1 0.1 0.5 

17 1.6 0.4 0.6 0.6 

18 1.6 0.2 0.3 0.6 

19 1.7 0.2 0.3 0.6 

20 0.9 0.7 0.6 0.5 

22 1.8 0.9 1.6 0.6 

23 1.5 0.3 0.4 0.2 

24 1.7 0.2 0.4 0.1 

25 0.9 0.3 0.3 0.8 

28 1.4 0.8 0.8 0.3 

29 0.2 0.4 0.1 3.5 

30 0.2 0.8 0.2 6.0 

31 0.2 0.8 0.3 0.02 

 

During the hydrogen production stage, four metabolic pathways were 

detected as follows:  

Lactic acid to butyric acid pathway. In this pathway, lactic acid is used to 

generate hydrogen and butyric acid, with a maximum theoretical yield of 

1 mol H2/mol lactic acid (Equation 10, Saady, 2013). This indicates that 

in those tests where butyric acid was the predominant metabolite, 

hydrogen was generated following this metabolic pathway. Such was the 

case in test 22 where the maximum hydrogen production was reached, in 

it, its yield was of 0.9 mol H2/mol of lactic acid (Table 4), which represents 

a conversion efficiency of 90%. 

Lactic acid to acetic acid pathway, homoacetogenesis. In it, lactic acid is 

used to generate acetic and propionic acid with hydrogen consumption 

(Equation 11). This pathway may explain why in some of the tests no 

hydrogen was generated despite detecting both acetic and propionic acid 

at the same time (tests 1 to 6 and 8 to 11). 

Lactic acid to acetic acid pathway, acetogenesis. Unlike the previous one, 

in this pathway acetic acid is formed and hydrogen is produced (Equation 



12). This pathway may have been present in several tests where 

hydrogen was generated but especially in test 30 since the main 

metabolite identified in it was acetic acid. 

Lactic acid to propionic acid pathway. This pathway consumes lactic acid 

to form propionic acid without generating hydrogen (Equation 13), it could 

have occurred in tests 1 to 6 and 8 to 11. 

2𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 →  𝐶𝐻3𝐶𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 + 2𝐻𝐶𝑂3
− +  𝐻+ + 2𝐻2 ;  ∆𝐺𝑜 =  −56,3 𝑘𝑗/𝑚𝑜𝑙 (10) 

 

3𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 →  2𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻 + 𝐶𝐻3𝐶𝑂𝑂𝐻 +  𝐶𝑂2  ; ∆𝐺𝑜 =  −165,3 𝑘𝑗/𝑚𝑜𝑙      

(11) 

 

𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 →  𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻𝐶𝑂3
− +  2𝐻2  ; ∆𝐺𝑜 =  −4,2 𝑘𝑗/𝑚𝑜𝑙       

(12) 

 

𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 + 𝐻2 →  𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻 + 𝐻2𝑂  ;   ∆𝐺𝑜 =           

(13) 

Only in the tests with the highest hydrogen production (22 and 28) lactic 

acid was consumed in its entirety, in them the largest number of 

metabolic pathways was identified. It was in test 22 that the maximum 

conversion efficiency of hexoses to hydrogen was reached, 1.6 moles of 

H2/mole of glucose; this value is considered high, given that if the 

predominant acid is butyric, the theoretical maximum yield is of 2 moles 

of H2/mole of hexose, however it is usually less than 1.5 ( Whang et al., 

2011; Plangklang et al., 2012; Gupta et al., 2014; Dahiya et al., 2015).  

In the test with the highest hydrogen production (22) only the butyric 

acid increased during the first two days of production (equation 10 

pathway), meaning that hydrogen was generated only through the butyric 

pathway. By the third and fourth day, the concentration of said acid 

remained stable, close to 10 g/L. However, on the third day, the hydrogen 

production continued, and an increase only in the concentration of acetic 

acid was detected (equation 12 pathway), completely depleting the lactic 

acid. This may indicate that the combination of these pathways in a 

sequential manner (first lactic-butyric and then lactic-acetic), allowed 

greater use of hexoses with respect to other pathways where hydrogen-

producing microorganisms take hexoses directly and generate butyric acid 

or acetic acid.   



The value of the ratio between acetic and butyric acid for tests 7, 12, 29 

and 30 was greater than 0.79 (Table 4) indicating that hydrogen could 

have been generated through an acetic acid metabolic pathway (Robledo 

-Narváez et al., 2013). For the other tests where hydrogen was produced, 

the value of the AA/AB ratio was lower than 0.79; thereby hydrogen was 

generated by the predominance of the butyric acid metabolic pathway. 

However, it is emphasized that the maximum hydrogen production was 

reached for an AA/AB ratio of 0.6 (test 22), that is to say when both 

pathways contributed in a similar way to the gas generation. 

Conclusions 

The results obtained indicate that it was possible to produce hydrogen by 

dark fermentation of organic residues in co-digestion, in a mesophilic 

environment, without sterilizing the substrates or using any type of 

inoculum. Stage 2 the natural acidification of the substrate without 

intervention allowed glucose and fructose to be consumed, generating 

lactic acid as the main metabolite following a homolactic metabolic 

pathway. Therefore, the real substrate used by microorganisms to 

produce hydrogen was lactic acid instead of hexoses. The highest values 

in hydrogen production and efficiency coincide with the presence of two 

different but sequential metabolic pathways, where the first days, 

hydrogen was generated through a butyric metabolic pathway from lactic 

acid and the final days through an acetic acid metabolic route also using 

the remaining lactic acid as a substrate, until it was consumed in its 

entirety. The fermentation conditions under which the above occurred 

were an organic load around 60,000 mg of O2/L, a substrate ratio of 80:20 

(fresh mucilage: fruit-vegetable waste), a temperature of 30 °C, an 

acidification time of 1 day and a final fermentation pH of 6.5. 
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