
36 
 

m  = ion mass 

 v  = velocity of the ion after acceleration 

 z  = charge number 

 e  = elementary charge, 1.602*10
−19 

coulombs 

 U  = voltage of the charged field 

  L  = the distance of field-free region 

  t = flight time of ion 

As shown in Equations 7 - 10, the m/z ratio of an ionized molecule is proportionally 

influenced by the square of flight time of ion (t), given the known voltage (U) and the distance of 

field-free region (L). The measurement of flight time can thus provide the related mass 

information of the molecules. Calibration of TOF is accomplished with well-known reference 

masses.  

3.6.1.2 Applications of MALDI-TOF-MS 

The MALDI-TOF-MS was created mainly to detect fragile compounds, such as 

biomaterial, which can easily be fragmented using conventional ionization method. The use of 

matrix material to protect the analytes allows a higher intensity of analytes when applied with 

high laser intensity and less fragmentation of analyte during ionization for easier identification of 

compounds with large molecular mass. Moreover, the mass range of TOF mass analyzer is 

theoretically without limitation, although the resolution and sensitivity will be reduced when 

analyzing sample with a wide mass range (Bruker Corporation, 2004).   
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Figure 30: The experimental data showing the molar concentration of (A) DP 2 and (B) DP 1 as 

a function of hydrolysis time during the hydrolysis of DP 2 in 120 ˚C water, 120 ˚C of 0.1v/v% 

sulfuric acid, 120 ˚C of 1 v/v% sulfuric acid, 160 ˚C water, 160 ˚C of 0.1v/v% sulfuric acid, 160 

˚C of 1 v/v% sulfuric acid, 200 ˚C water, 200 ˚C of 0.1v/v% sulfuric acid, and 200 ˚C of 1v/v% 

sulfuric acid. 

Concentration 
mmol/L 

Concentration 

mmol/L 
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Figure 30: The experimental data showing the molar concentration of (C) furfural and (D) 

formic acid as a function of hydrolysis time during the hydrolysis of DP 2 in 120 ˚C water, 120 

˚C of 0.1v/v% sulfuric acid, 120 ˚C of 1 v/v% sulfuric acid, 160 ˚C water, 160 ˚C of 0.1v/v% 

sulfuric acid, 160 ˚C of 1 v/v% sulfuric acid, 200 ˚C water, 200 ˚C of 0.1v/v% sulfuric acid, and 

200 ˚C of 1v/v% sulfuric acid. 
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mmol/L 
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Figure 31: The experimental data showing the molar concentration of (A) DP 1 and (B) furfural 

as a function of hydrolysis time during the hydrolysis of DP 1 in 120 ˚C water, 120 ˚C of 0.1v/v% 

sulfuric acid, 120 ˚C of 1 v/v% sulfuric acid, 160 ˚C water, 160 ˚C of 0.1v/v% sulfuric acid, 160 

˚C of 1 v/v% sulfuric acid, 200 ˚C water, 200 ˚C of 0.1v/v% sulfuric acid, and 200 ˚C of 1v/v% 

sulfuric acid. 

Concentration 

mmol/L 
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mmol/L 
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Figure 31: The experimental data showing the molar concentration of (C) formic acid as a 

function of hydrolysis time during the hydrolysis of DP 1 in 120 ˚C water, 120 ˚C of 0.1v/v% 

sulfuric acid, 120 ˚C of 1 v/v% sulfuric acid, 160 ˚C water, 160 ˚C of 0.1v/v% sulfuric acid, 160 

˚C of 1 v/v% sulfuric acid, 200 ˚C water, 200 ˚C of 0.1v/v% sulfuric acid, and 200 ˚C of 1v/v% 

sulfuric acid. 

 

 

Concentration 

mmol/L 
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Figure 32: The experimental data showing the molar concentration of (A) furfural and (B) 

formic acid as a function of hydrolysis time during the hydrolysis of furfural in 120 ˚C water, 

120 ˚C of 0.1v/v% sulfuric acid, 120 ˚C of 1 v/v% sulfuric acid, 160 ˚C water, 160 ˚C of 0.1v/v% 

sulfuric acid, 160 ˚C of 1 v/v% sulfuric acid, 200 ˚C water, 200 ˚C of 0.1v/v% sulfuric acid, and 

200 ˚C of 1v/v% sulfuric acid.  
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mmol/L 

Concentration 

mmol/L 
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Figure 33: The experimental data showing the molar concentration of (A) formic acid and (B) 

furfural as a function of hydrolysis time during the hydrolysis of formic acid in 120 ˚C water, 

120 ˚C of 0.1v/v% sulfuric acid, 120 ˚C of 1 v/v% sulfuric acid, 160 ˚C water, 160 ˚C of 0.1v/v% 

sulfuric acid, 160 ˚C of 1 v/v% sulfuric acid, 200 ˚C water, 200 ˚C of 0.1v/v% sulfuric acid. and 

200 ˚C of 1v/v% sulfuric acid.  
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At the most severe hydrolysis condition, 1 v/v% acid at 160 ˚C, all of the DP 4 was fully 

depolymerized within 5 min, into a mixture of DP 3, DP 2, DP 1, furfural, and formic acid, as 

shown in Figure 28. At 160 ˚C with 0.1 v/v% acid, which was more severe than water hydrolysis 

at 200 ˚C, 10% of DP 4 remained after 5 min of hydrolysis; DP 2 and DP 3 were completely 

depolymerized into DP 1 and by-products within 5 min of the hydrolysis. Because of the rapid 

depolymerization rate, the highest observed concentrations of furfural were with 0.1 and 1 v/v% 

sulfuric acid at 160 ˚C. Conversely, during slower depolymerization, such as with 160 ˚C water, 

0.1 v/v% sulfuric acid at 160 ˚C, and 200 ˚C water, most of the initial DP 4 remained as xylose 

oligomers, namely DP 2, DP 3, and DP 4. Specifically 40, 51, and 31% of xylose oligomers 

remained, respectively, in xylose equivalent moles, in water at 160 ˚C after 40 min, 0.1v/v% 

sulfuric acid at 160 ˚C after 30 min, and water at 200 ˚C after 5 min, respectively.  

The hydrolysis of DP 3 was conducted in water at 160 ˚C, 0.1 v/v% sulfuric acid at 160 

˚C, 1 v/v% sulfuric acid at 160 ˚C, water at 200 ˚C, and 0.1 v/v% sulfuric acid at 200 ˚C. Among 

the five hydrolysis conditions, 1 v/v% sulfuric acid at 160 ˚C, and 0.1 v/v% sulfuric acid at 200 

˚C resulted in a complete depolymerization of DP 3 within 5 min of the hydrolysis, mainly into 

DP 1 and furfural, as shown in Figure 29. On the other hand, during the least severe hydrolysis 

condition, the hydrolysis with water at 160 ˚C, 34% of DP 3 remained after 40 min of the 

hydrolysis. Worth noting, a high accumulation rate of formic acid was observed in all five DP 3 

hydrolysis conditions, except at the hydrolysis condition with 1 v/v% sulfuric acid at 160 ˚C, 

suggesting that the accumulation rate of formic acid from the degradation of furfural and DP 1 

was higher than the decomposition of formic acid in the studied hydrolysis conditions. However, 

with 1 v/v% sulfuric acid at 160 ˚C, the degradation of formic acid was as fast as its 
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accumulation, resulted in an insignificant concentration of formic acid throughout the hydrolysis 

process.  

The hydrolysis of DP 2 was conducted in all nine hydrolysis conditions, namely 120 ˚C 

water, 0.1 v/v% sulfuric acid at 120 ˚C, 1 v/v% sulfuric acid at 120 ˚C, 160 ˚C water, 0.1 v/v% 

sulfuric acid at 160 ˚C, 1 v/v% sulfuric acid at 160 ˚C, 200 ˚C water, 0.1 v/v% sulfuric acid at 

200 ˚C, and 1 v/v% sulfuric acid at 200 ˚C. The data are presented in Figure 30. As expected, 

during the less severe hydrolysis conditions, such as the hydrolysis in 120 ˚C water, 0.1 v/v% 

sulfuric acid at 120 ˚C, 160 ˚C water, and 0.1 v/v% sulfuric acid at 160 ˚C, the DP 2 remaining 

after 60 min of hydrolysis were 92%, 64%, 27%, and 1%, respectively. During the other five 

more severe hydrolysis conditions, namely 1 v/v% sulfuric acid at 120 ˚C, 1 v/v% sulfuric acid at 

160 ˚C, 200 ˚C water, 0.1 v/v% sulfuric acid at 200 ˚C, and 1 v/v% sulfuric acid at 200 ˚C, 

complete depolymerization of DP 2 was observed within 60 min of the hydrolysis. However, the 

time for complete depolymerization of DP 2 into DP 1 was less than 20 min for 1 v/v% sulfuric 

acid at 120 ˚C, 1 v/v% sulfuric acid at 160 ˚C, 200 ˚C water, 0.1 v/v% sulfuric acid at 200 ˚C, 

and 1 v/v% sulfuric acid at 200 ˚C hydrolysis conditions. Although a high concentration of DP 1 

was initially observed during the more severe hydrolyses, such as the hydrolyses of 1 v/v% 

sulfuric acid at 160 ˚C, 0.1 v/v% sulfuric acid at 200 ˚C, and 1 v/v% sulfuric acid at 200 ˚C, DP 

1 was degraded within 20 min into furfural concentrations of 4.1, 3.5 and 4.9 mmol/L, 

respectively. Interestingly, the hydrolysis conditions of 1 v/v% sulfuric acid at 160 ˚C, 0.1 v/v% 

sulfuric acid at 200 ˚C, and 1 v/v% sulfuric acid at 200 ˚C resulted in a formic acid concentration 

of 9 mmol/L, while the less severe hydrolysis in 200 ˚C water yielded 14 mmol/L, the highest 

concentration of formic acid. In all the hydrolysis conditions for DP 2 depolymerization, the 

accumulation rate of formic acid was less noticeable, as compared to that of DP 3 



120 
 

depolymerization, possibly caused by the high initial concentration of formic acid in the DP 2 

sample, as a result of the difficulty in the CPC fractionation, in separating DP 2 from formic acid.  

Similar to DP 2, DP 1 was also hydrolyzed at all nine hydrolysis conditions, as shown in 

Figure 31. After 60 min of hydrolysis, all three experiments conducted at 120 ˚C resulted in high 

survival rate of DP 1, as shown by 89%, 93%, and 93% of DP 1 remaining in 120 ˚C water, 0.1 

v/v% sulfuric acid at 120 ˚C, and 1 v/v% sulfuric acid at 120 ˚C, respectively. On the other hand, 

during the most severe hydrolysis conditions of 0.1 v/v% sulfuric acid at 200 ˚C, and 1 v/v% 

sulfuric acid at 200 ˚C, there was no DP 1 remaining after 40 min of the hydrolysis. Interestingly, 

in the hydrolysis condition with 1 v/v% sulfuric acid at 200 ˚C, the resulting furfural and formic 

acid were quickly degraded within 10 min of the experiment, indicating that even furfural and 

formic acid cannot survive in the severe hydrolysis condition. 

The hydrolysis of furfural was conducted at all nine hydrolysis conditions. The survival 

rate of furfural after 60 min of hydrolysis ranged from 60 – 100%, with the lowest concentration 

of furfural remaining in the hydrolysis condition with 1 v/v% sulfuric acid at 200 ˚C, as shown in 

Figure 32. At most of the hydrolysis conditions, noticeable buildup of formic acid concentration 

was observed, especially in the hydrolysis condition with 1 v/v% sulfuric acid at 160 ˚C, 

confirming that the degradation of furfural resulted in the formation of formic acid. These results 

point to the fact that furfural degradation leads to formic acid accumulation. The hydrolysis 

condition with 1 v/v% sulfuric acid at 160 ˚C was the most favorable condition for the 

accumulation of formic acid. This is an important observation because formic acid inhibits 

enzymatic hydrolysis (Kumar and Wyman, 2009). Worth noting, in the hydrolysis condition with 

1 v/v% sulfuric acid at 200 ˚C, 60% of furfural remained after 60 min of hydrolysis, in contrast 

to the furfural formed from DP 1 hydrolysis, where the furfural concentration was 55% off the 
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maximum furfural concentration within 2 min, under the same hydrolysis condition. The rate of 

furfural degradation was faster in the presence of xylose and formic acid, possibly affected by 

the buildup of formic acid in the hydrolysate, resulted in a harsher hydrolysis condition.  

The hydrolysis of formic acid was similarly conducted at all nine hydrolysis conditions. 

Formic acid, albeit at a slower rate, was degraded as temperature and acid concentration 

increased, as shown in Figure 33. At the most severe hydrolysis condition with 1 v/v% sulfuric 

acid at 200 ˚C, 81% of formic acid remained after 60 min of the hydrolysis, as compared to the 

other eight hydrolysis conditions, where 93 - 98% of formic acid remained after 60 min of the 

hydrolysis. The resultant furfural formed from the degradation of formic acid was also not 

strongly influenced by the temperature or the pH, as the formation rate of furfural was almost 

indistinguishable among all nine hydrolysis conditions. However, the detection of furfural from 

the degradation of formic acid provided the confirmation that the reaction of furfural into formic 

acid was indeed a reversible reaction, although the forward reaction is dominant, as shown by the 

higher concentration of formic acid from furfural, as compared to the formation of furfural from 

formic acid.  

The experimental data collected in Figures 28 – 33 were subsequently fitted to the model, 

as shown by Equations 12 - 23. Three different methods were used in estimating the parameters 

in the kinetic model. The first method, which was shown in Equation 25, was conducted by 

minimizing the sum of squares between the predicted data and the experimental data, as was 

conducted by Kumar and Wyman (2008) and Kim et al. (2012). However, because most of the 

formic acid concentration was higher than the concentrations of other compounds, the predicted 

parameter was biased towards the sum of squares from the formic acid concentrations.  



122 
 

Therefore, a normalized sum of squares method was adopted, as shown in Equation 26. 

By normalizing the sum of the squares for the error with respect to the individual data, all data 

were given equal consideration prevent the bias of optimization towards larger values in the 

experimental data. Worth noting, both methods were conducted by minimizing the sum of 

squares values to determine the optimum parameters in the kinetic model.  

 

Non-normalized sum of the squares method, S1 = ∑ (Predicted data – Experimental data)
 2 

           
(25) 

Normalized sum of the squares method, S2 = ∑ [(Predicted data – Experimental data)
 2 

/ 

(Experimental data)
 2

]         (26) 

R
2
 method, S3 = ∑ {1 - [(Predicted data – Experimental data)

 2
/ (Experimental data – Average of 

experimental data)
 2

]}         (27) 

 

However, neither of the methods was adequate in predicting the experimental data. The 

non-normalized sum of the squares method were ineffective in predicting the concentration of 

several compounds, such as DP 1, DP 2, DP 3 and formic acid concentrations in 160 ˚C water, 

furfural concentration in 0.1 v/v% sulfuric acid at 160 ˚C, and DP 1, DP 2, and formic acid 

concentrations in 200 ˚C water. Moreover, the k values for DP 4 at 160 ˚C water, DP 3 in 0.1 v/v% 

sulfuric acid at 160 ˚C, and DP 1 at 200 ˚C water, which were 2.0, 10.0, and 2.3 min
-1

, 

respectively, were suspiciously higher than the k values for the corresponding compounds at 

more severe hydrolysis conditions.  

Alternatively, the method using normalized sum of the squares were ineffective in 

predicting furfural concentration in 120 ˚C water, furfural concentration in 0.1 v/v% sulfuric acid 
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at 120 ˚C, DP 1 in 160 ˚C water, furfural and formic acid concentrations in 1 v/v% sulfuric acid 

at 160 ˚C, DP 1 in 200 ˚C water, and DP 1 in 1 v/v% sulfuric acid at 200 ˚C. In addition to that, 

the k values for DP 1 and formic acid in 1 v/v% sulfuric acid at 200 ˚C, which were 8.1 and 8.9 

min
-1

, respectively, were at least one magnitude higher than the k values at other less severe 

conditions.  The over estimation of the k values for both DP 1 and formic acid in 1 v/v% sulfuric 

acid at 200 ˚C were noticeable in the model, as the model predicted the depletion of both DP 1 

and formic acid concentrations faster than the actual degradation of either compounds. The 

figures for both the non-normalized and normalized sum of the squares methods are presented in 

Appendices 4 and 5, respectively.  

Therefore, a third alternative of using R
2
 method was adopted to improve the curve fitting 

of the model. The kinetic parameters were estimated by maximizing the sum of the R
2
 values of 

all compounds, as shown in Equation 27. Using the R
2
 method, the experimental data were 

fitted more accurately by the model, as indicated both graphically of the model, and the higher 

R
2 

values for all the compounds. The comparison of the sum of the squares for the error and R
2 

values for the three methods were summarized in Table 14. As shown in Table 14, method 1, 

method 2, and method 3 are the estimation of parameters based on minimizing non-normalized 

sum of the squares of the error, minimizing normalized sum of the squares of the error, and 

maximizing the R2 values of all the compounds, respectively. Not surprisingly, method 1 and 

method 2 yielded the lowest values of non-normalized sum of the squares of the error (SSE) and 

normalized SSE, respectively, while method 3 yielded the highest average R
2 

values among the 

three methods.  
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Table 14: Comparison of three different methods in estimating parameters in kinetic model. 

Method 1, 2, and 3 are the estimation of parameters based on minimizing non-normalized sum of 

the squares of the error, minimizing normalized sum of the squares of the error, and maximizing 

the R2 values of all the compounds, respectively. The non-normalized sum of the squares of the 

error (SSE), the normalized SSE, and the R2 values were calculated according to the equations as 

shown in Equations 25, 26, and 27, respectively.  

 
Non-normalized SSE Normalized SSE Average R

2
 

 

Method 

1 

Method 

2 

Method 

3 

Method 

1 

Method 

2 

Method 

3 

Method 

1 

Method 

2 

Method 

3 

120 ˚C, 

Water 
7.8 550.0 12.8 190.8 26.4 160.7 -0.12 -17.03 0.08 

120 ˚C, 

0.1% Acid 
12.1 41.1 12.3 2,665.6 14.6 481.4 -0.79 -13.25 0.21 

120 ˚C, 

1% Acid 
42.5 51.0 49.7 18.0 11.5 24.2 0.26 0.43 0.58 

160 ˚C, 

Water 
405.8 530.6 518.6 1,618.7 70.5 317.8 -19.82 -5.28 -0.27 

160 ˚C, 

0.1% Acid 
368.0 423.5 506.5 84.4 33.4 73.6 -0.81 0.03 0.19 

160 ˚C, 

1% Acid 
1,599.7 3,428.1 1,981.6 503.2 67.8 406.3 -36.80 -18.34 0.21 

200 ˚C, 

Water 
287.3 10,617.4 438.2 81,333.7 142.7 3,052.8 -203.50 -12.58 -0.36 

200 ˚C, 

0.1% Acid 
272.5 2,393.4 335.7 7,100.5 61.4 7,465.3 -0.55 -4.37 0.16 

200 ˚C, 

1% Acid 
467.1 16,228.9 474.5 9,870.3 116.5 11,093.2 0.58 -23.92 0.58 
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The fit of model to the experimental data was determined by the R
2
 values of the 

regression, which was calculated using the following equation:  

R
2
 = 1 – SSE / SST         (28)  

where SSE is the sum of the squares for the error, and SST is the sum of the squares total. SSE is 

the sum of the squares between the predicted data and the experimental data, while SST is the 

sum of the squares between the experimental data and the average values of the data. All 

calculations were based on the molar concentrations of the compound. The negative values in 

some R
2 

calculation were contributed by the poor model fit to the experimental data, suggesting 

that the experimental data were better represented by assuming that the concentrations of the 

compounds are independent of the hydrolysis time, which would result in the sum of the squares 

for the error equaled to the sum of the squares total, and thus yielded the R
2 

values of zero. The 

option of setting the concentration independent of hydrolysis time was not considered because it 

is counterintuitive to the first order reaction kinetics, where the concentration of compounds 

changes over time.  
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5.5.2.1 Hydrolysis Condition at 120 ˚C Using Water 

The degradation rate constants for DP 1 (k1), DP 2 (k2), furfural (kF), and formic acid (kA), 

were calculated as 0.0044, 0.0003, 0.0014, and 0.0013 min
-1

, respectively. The individual 

formation rate constants k21, k1F, k1A, and kFA were determined to be 0.0003, 0.0001, 0.0043, and 

0.0014 min
-1

, respectively, while the decomposition rate of furfural and formic acid, kFL and 

kAL ,were determined to be 0.0000 and 0.0013 min
-1

, respectively. The data and the best-fit 

model predictions for each compound are presented in Figures 34 - 37. The R
2
 values of the 

model fits are presented in Table 15. 

The model provided a good fit to the experimental data for the concentrations of DP 1 

and DP 2, as reflected by the R
2
 values of 0.61 – 0.97.  Similarly, the concentration of formic 

acid was well predicted by the model as shown by the R
2
 values of 0.74 – 0.95. However, the R

2
 

values were not calculated for the formic acid concentration during the hydrolysis of DP 1 and 

furfural, because there was no formic acid concentration detected in the experiment, resulting in 

zero value for the sum of the squares total (SST) in the R
2
 calculation. The model did not predict 

furfural concentrations accurately, as reflected by the low R
2
 values of -2.71, -1.03, and 0.26 for 

the hydrolysis of DP 1 and DP 2, furfural, respectively. The low R
2
 values for furfural were due 

to the optimization of the model, where the concentrations of DP 1, DP 2, and formic acid were 

better represented by the model at the expense of furfural concentration.  
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Figure 34: The best-fit model prediction and data of (A) DP 1, (B) furfural (FFR) and formic 

acid (FA) for the hydrolysis of DP 1 at 120 ˚C using water.  
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Figure 35: The best-fit model prediction and data of (A) DP 2 containing some DP 3 impurities 

and DP 1, (B) furfural (FFR) and formic acid (FA) for the hydrolysis of DP 2 at 120 ˚C using 

water. 
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Figure 36: The best-fit model prediction and data of (A) furfural (FFR) and formic acid (FA) for 

the hydrolysis of furfural at 120 ˚C using water.  
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Figure 37: The best-fit model prediction and data of (A) formic acid (FA) and furfural (FFR) for 

the hydrolysis of formic acid at 120 ˚C using water. 
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Table 15: The R
2
 values of the changes of DP 1, DP 2, formic acid (FA), and furfural (FFR), in 

mmol/L, as a function of hydrolysis time in 120 ˚C water, as shown Figures 34- 37.  

 
Hydrolysis of DP 1 Hydrolysis of DP 2 Hydrolysis of FA Hydrolysis of FFR 

DP 1 0.61 0.97 
  

DP 2 
 

0.93 
  

FA NA
#
 0.95 0.74 NA

#
 

FFR (2.71) (1.03) 
 

0.26 

 

# The R
2
 values were not calculated because the experimental value was zero, i.e. the 

concentration of the compound was below the detection limit.  
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5.5.2.2 Hydrolysis Condition at 120 ˚C Using 0.1 v/v% Sulfuric Acid 

The degradation rate constants for DP 1 (k1), DP 2 (k2), furfural (kF), and formic acid (kA), 

were calculated as 0.0013, 0.0038, 0.0015, and 0.0015 min
-1

, respectively. The individual 

formation rate constants k21, k1F, k1A, and kFA were determined to be 0.0038, 0.0001, 0.0012, and 

0.0003 min
-1

, respectively, while the decomposition rate of furfural and formic acid, kFL and kAL 

were determined to be 0.0012 and 0.0015 min
-1

, respectively. The data and the best-fit model 

predictions for each compound are presented in Figures 38 - 41. The R
2
 values of the model fits 

are presented in Table 16. 

The model provided a good fit to the experimental data for the concentrations of DP 1 

and DP 2, as reflected by the R
2
 values of 0.64 – 0.71. However, the model did not predict the 

concentrations of formic acid accurately, as reflected by the low R
2
 values of -0.81, 0.28, and -

0.32 for the hydrolysis of DP 2, formic acid and furfural, respectively. The R
2
 value was not 

calculated for the formic acid concentration during the hydrolysis of DP 1 because there was no 

formic acid concentration detected in the experiment, resulting in zero value for the sum of the 

squares total (SST) in the R
2
 calculation. Similarly, the model provided a poor prediction of 

furfural concentrations during the hydrolysis of DP 1 and furfural, as shown by the R
2
 values of -

0.18 and 0.00, although the model did provide a better estimation of furfural concentration 

during the hydrolysis of DP 2, as shown by the R
2
 value of 0.87. The low R

2
 values for furfural 

and formic acid were due to the optimization of the model, where the concentrations of DP 1 and 

DP 2 were better represented by the model at the expense of furfural and formic acid 

concentrations. 
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Figure 38: The best-fit model prediction and data of (A) DP 1, (B) furfural (FFR) and formic 

acid (FA) for the hydrolysis of DP 1 at 120 ˚C using 0.1 v/v% sulfuric acid. 
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Figure 39: The best-fit model prediction and data of (A) DP 2 containing some DP 3 impurities 

and DP 1, (B) furfural (FFR) and formic acid (FA) for the hydrolysis of DP 2 at 120 ˚C using 0.1 

v/v% sulfuric acid. 
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Figure 40: The best-fit model prediction and data of (A) furfural (FFR) and formic acid (FA) for 

the hydrolysis of furfural at 120 ˚C using 0.1 v/v% sulfuric acid. 
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Figure 41: The best-fit model prediction and data of (A) formic acid (FA) and furfural (FFR) for 

the hydrolysis of formic acid at 120 ˚C using 0.1 v/v% sulfuric acid. 
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Table 16: The R
2
 values of the changes of DP 1, DP 2, formic acid (FA), and furfural (FFR), in 

mmol/L, as a function of hydrolysis time in 120 ˚C using 0.1 v/v% sulfuric acid, as shown 

Figures 38 - 41. 

 
Hydrolysis of DP 1 Hydrolysis of DP 2 Hydrolysis of FA Hydrolysis of FFR 

DP 1 0.67 0.71 
  

DP 2 
 

0.64 
  

FA NA
#
 (0.81) 0.28 (0.32) 

FFR (0.18) 0.87 
 

0.00 

 

# The R
2
 value was not calculated because the experimental value was zero, i.e. the 

concentration of the compound was below the detection limit.  
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5.5.2.3 Hydrolysis Condition at 120 ˚C Using 1 v/v% Sulfuric Acid 

The degradation rate constants for DP 1 (k1), DP 2 (k2), furfural (kF), and formic acid (kA), 

were calculated as 0.0019, 0.2513, 0.0026, and 0.0012 min
-1

, respectively. The individual 

formation rate constants k21, k1F, k1A, and kFA were determined to be 0.2513, 0.0005, 0.0014, and 

0.0025 min
-1

, respectively, while the decomposition rate of furfural and formic acid, kFL and kAL 

were determined to be 0.0000 and 0.0012 min
-1

, respectively. The data and the best-fit model 

predictions for each compound are presented in Figures 42 - 45. The R
2
 values of the model fits 

are presented in Table 17. 

 The model provided a good fit to most of the experimental data for the concentrations of 

DP 1, DP 2, furfural, and formic acid, except for the hydrolysis of furfural, as reflected by the R
2
 

values of 0.49 – 0.98. The concentrations of DP 1 and DP 2, in particular, are well represented 

by the model, as shown by the R
2
 values of 0.75 – 0.98. The concentrations of furfural and 

formic acid were not well represented by the model, as shown by the R
2
 values of 0.26, and 0.00, 

respectively. Similar to the other hydrolysis conditions at120 ˚C, the R
2
 value was not calculated 

for the formic acid concentration during the hydrolysis of DP 1 at 120 ˚C using 1 v/v% sulfuric 

acid, because there was no formic acid concentration detected in the experiment.  
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Figure 42: The best-fit model prediction and data of (A) DP 1, (B) furfural (FFR) and formic 

acid (FA) for the hydrolysis of DP 1 at 120 ˚C using 1 v/v% sulfuric acid. 
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Figure 43: The best-fit model prediction and data of (A) DP 2 containing some DP 3 impurities 

and DP 1, (B) furfural (FFR) formic acid (FA) for the hydrolysis of DP 2 at 120 ˚C using 1 v/v% 

sulfuric acid. 
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Figure 44: The best-fit model prediction and data of (A) furfural (FFR) and formic acid (FA) for 

the hydrolysis of furfural at 120 ˚C using 1 v/v% sulfuric acid. 
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Figure 45: The best-fit model prediction and data of (A) formic acid (FA) and furfural (FFR) for 

the hydrolysis of formic acid at 120 ˚C using 1 v/v% sulfuric acid. 
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Table 17: The R
2
 values of the changes of DP 1, DP 2, formic acid (FA), and furfural (FFR), in 

mmol/L, as a function of hydrolysis time in 120 ˚C using 1 v/v% sulfuric acid, as shown Figures 

42- 45. 

 
Hydrolysis of DP 1 Hydrolysis of DP 2 Hydrolysis of FA Hydrolysis of FFR 

DP 1 0.75 0.96 
  

DP 2 
 

0.98 
  

FA NA
#
 0.60 0.54 0.00 

FFR 0.49 0.67 
 

0.26 

 

# The R
2
 values were not calculated because the experimental value was zero, i.e. the 

concentration of the compound was below the detection limit.  
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5.5.2.4 Hydrolysis Condition at 160 ˚C Using Water 

The degradation rate constants for DP 1 (k1), DP 2 (k2), DP 3 (k3), DP 4 (k4), furfural (kF), 

and formic acid (kA), were calculated as 0.0054, 0.0030, 0.0103, 0.0032, 0.0027 and 0.0004 min
-

1
, respectively. The individual formation rate constants k41, k42, k31, k21, k1F, k1A, and kFA were 

determined to be 0.0001, 0.0031, 0.0103, 0.0030, 0.0014, 0.0040, and 0.0027 min
-1

, respectively, 

while the decomposition rate of furfural and formic acid, kFL and kAL were determined to be 

0.0000 and 0.0004 min
-1

, respectively. The data and the best-fit model predictions for each 

compound are presented in Figures 46 - 51. The R
2
 values of the model fits are presented in 

Table 18. 

The model provided a reasonable fit to the experimental data for the concentrations of DP 

1, as shown by the R
2
 values of 0.92, 0.72, and 0.92, respectively for the hydrolysis of DP 1, DP 

2, and DP 4. However, during the hydrolysis of DP 3, the R
2
 value for the concentration of DP 1 

was only -0.65, which indicated a poor model fit. Similarly, the concentrations of DP 2 were not 

well represented by the model, as shown by the R
2
 values of -1.37 and -0.07 during the 

hydrolysis of DP 2 and DP 4, respectively, although the model predicted the concentration of DP 

2 better during the hydrolysis of DP 3, as shown by the R
2
 value of 0.89. The model did not 

provide a good fit to the concentration of DP 3 during the hydrolysis of DP 3, and the 

concentration of DP 4 during the hydrolysis of DP 4, as reflected by the R
2
 values of -0.73 and -

3.53, respectively, although the model performed better in predicting the concentration of DP 3 

during the hydrolysis of DP 4, as shown by the R
2
 value of 0.64.  
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Figure 46: The best-fit model prediction and data of (A) DP 1, (B) furfural (FFR) and formic 

acid (FA) for the hydrolysis of DP 1 at 160 ˚C using water. 
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Figure 47: The best-fit model prediction and data of (A) DP 2 containing some DP 3 impurities 

and DP 1, (B) furfural (FFR) and formic acid (FA) for the hydrolysis of DP 2 at 160 ˚C using 

water. 
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Figure 48: The best-fit model prediction and data of (A) DP 3 containing some DP 4 impurities, 

DP 2, and DP1, (B) furfural (FFR) and formic acid (FA) for the hydrolysis of DP 3 at 160 ˚C 

using water. 
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Figure 49: The best-fit model prediction and data of (A) DP 4, DP 3, DP2, and DP 1, (B) 

furfural (FFR) and formic acid (FA) for the hydrolysis of DP 3 at 160 ˚C using water. 
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Figure 50: The best-fit model prediction and data of (A) furfural (FFR) and formic acid (FA) for 

the hydrolysis of furfural at 160 ˚C using water. 

  

 -

 1.00

 2.00

 3.00

 -

 4.00

 8.00

 12.00

0 10 20 30 40 50 60 70

FA 
(mmol/L) FFR 

(mmol/L) 

Hydrolysis Time (min) 

(A) FFR degradation at 160 C, water 

'FFR FFR - Model

'FA FA - Model

R2 Values: 
FFR = -0.07 
FA = 0.48 



150 
 

 

Figure 51: The best-fit model prediction and data of (A) formic acid (FA) and furfural (FFR) for 

the hydrolysis of formic acid at 160 ˚C using water. 
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Table 18: The R
2
 values of the changes of DP 1, DP 2, DP 3, DP 4, formic acid (FA), and 

furfural (FFR), in mmol/L, as a function of hydrolysis time in 160 ˚C water, as shown Figures 

46- 51. 

 

Hydrolysis 

of DP 1 

Hydrolysis 

of DP 2 

Hydrolysis 

of DP 3 

Hydrolysis of 

DP 4 

Hydrolysis 

of FA 

Hydrolysis 

of FFR 

DP 1 0.92 0.72 (0.65) 0.92 
  

DP 2 
 

(1.37) 0.89 (0.07) 
  

DP 3   (0.73) 0.64   

DP 4    (3.53)   

FA (0.27) (0.71) (1.11) (2.96) 0.39 0.48 

FFR (0.75) 0.56 0.48 0.50 
 

(0.07) 
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The concentrations of formic acid were not accurately predicted by the model during the 

hydrolysis of DP 1, DP 2, DP 3, and DP 4, as pointed by the R
2
 values of -0.27, -0.71, -1.11 and 

-2.96, respectively, although the model predictions were better during the hydrolysis of formic 

acid and furfural, as indicated by the R
2
 values of 0.39 and 0.48, respectively. In comparison to 

formic acid, furfural concentrations were better represented by the model, as shown by the R
2
 

values of 0.56, 0.48, and 0.50 during the hydrolysis of DP 2, DP 3, and DP 4, although the R
2
 

values were only -0.75 and -0.07, respectively during the hydrolysis of DP 1, and furfural.  
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5.5.2.5 Hydrolysis Condition at 160 ˚C Using 0.1 v/v% Sulfuric Acid 

The degradation rate constants for DP 1 (k1), DP 2 (k2), DP 3 (k3), DP 4 (k4), furfural (kF), 

and formic acid (kA), were calculated as 0.0057, 0.0439, 0.1048, 0.1049, 0.0014 and 0.0013 min
-

1
, respectively. The individual formation rate constants k41, k42, k31, k21, k1F, k1A, and kFA were 

determined to be 0.0699, 0.0350, 0.1048, 0.0439, 0.0020, 0.0037, and 0.0014 min
-1

, respectively, 

while the decomposition rate of furfural and formic acid kFL and kAL were determined to be 

0.0000 and 0.0013 min
-1

, respectively. The data and the best-fit model predictions for each 

compound are presented in Figures 52 - 57. The R
2
 values of the model fits are presented in 

Table 19. 

The model provided a good fit to the experimental data for the concentrations of DP 1, 

DP 2, DP 3, DP 4, and furfural concentrations, except for two instances, as reflected by the R
2
 

values of 0.63 – 0.99. The exceptions were the concentration of DP 1 during the hydrolysis of 

DP 3, and the concentration of furfural during the hydrolysis of furfural, where the R
2
 values 

were -0.18 and -0.43, respectively. The concentrations of formic acid were poorly represented by 

the model during the hydrolysis of DP 3, DP 4, and furfural, as shown by the R
2
 values of -3.25, 

-3.17, and -0.91, respectively, although the model performed better in predicting the formic acid 

concentrations during the hydrolysis of DP 1, DP 2, and formic acid, as shown by the R
2
 values 

of 0.47, 0.15, and 0.22, respectively.  

  

 

  



154 
 

 

Figure 52: The best-fit model prediction and data of (A) DP 1, (B) furfural (FFR) and formic 

acid (FA) for the hydrolysis of DP 1 at 160 ˚C using 0.1 v/v% sulfuric acid. 

  

 -

 2.00

 4.00

 6.00

 8.00

0 10 20 30 40 50 60 70

DP 1 
(mmol/L) 

Hydrolysis Time (min) 

(A) DP 1 degradation at 160 C, 0.1%Ac 

DP 1 DP 1 - Model

 -

 0.50

 1.00

 1.50

 2.00

 2.50

 -

 0.20

 0.40

 0.60

 0.80

 1.00

0 10 20 30 40 50 60 70

FA 
(mmol/L) FFR 

(mmol/L) 

Hydrolysis Time (min) 

(B) DP 1 degradation at 160 C, 0.1%Ac 

'FFR FFR - Model

'FA FA - Model

R2 Values: 
DP 1 = 0.63 

R2 Values: 
FFR = 0.85 
FA = 0.47 



155 
 

 

 

Figure 53: The best-fit model prediction and data of (A) DP 2 containing some DP 3 impurities 

and DP 1, (B) furfural (FFR) and formic acid (FA) for the hydrolysis of DP 2 at 160 ˚C using 0.1 

v/v% sulfuric acid.   
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Figure 54: The best-fit model prediction and data of (A) DP 3 containing some DP 4 impurities, 

DP 2, and DP1, (B) furfural (FFR) and formic acid (FA) for the hydrolysis of DP 3 at 160 ˚C 

using 0.1 v/v% sulfuric acid. 
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