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ACRONYMS AND DEFINITIONS 
 
BWRS: Bioregenerative Water Recovery System  
BWP: Bioregenerative Water Process 
HRT: Hydraulic Residence Time  
JSC: Johnson Space Center 
MOE: Name of the experimental unit for TOC removal 
NH4

+: Ammonium ions 
Nitrates-N: Nitrogen content of the nitrates 
N2: Nitrogen 
O2: Oxygen 
SHEMP: Name of the experimental unit mainly for nitrification 
TOC: Total Organics Carbon 
VSS: Volatile Suspended Solids 
WRS: Water Recovery System 
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OBJECTIVE 
 
The objective of the modeling and analysis support for the WRS Integration Task is to develop 
the kinetics of the Total Organics Carbon (TOC) Removal process and the Nitrification process 
based on the data collected from the public domain, to validate the kinetics with the JSC 
Bioregenerative Water Recovery System (BWRS) experimental data, and to modify the existing 
WRS ASPEN Plus model’s TOC Removal and Nitrification modules by taking into account the 
kinetics developed from the experimental data. The upgraded model will allow user to conduct 
WRS bioreactors’ performance prediction at various operating conditions. 
 
 
UPGRADE OF THE BIOREACTOR MODULES OF THE WRS ASPEN 
PLUS MODEL  
 
1. TOC REMOVAL PROCESS 
 
Literature search and data review 
 
A literature search was conducted to obtain experimental data similar to the operating conditions 
of the bioreactors for the JSC BWRS, and the data was subsequently used in the development of 
the reaction kinetics of the TOC Removal process.  
 
Most of the test data available from the public domain are for denitrification with low molecular 
weight organic carbons as the carbon source for the microorganisms (Ref. 1-8). Limited 
information is available for TOC removal with nitrate as N2 and O2 sources for the 
microorganisms (Ref. 9-14).   
 
Implementation of the Monod Kinetics to the TOC Module of the WRS ASPEN PLUS Model 
 
Environmental factors, such as temperature, pH, nitrates concentration and carbon concentration 
can have a significant effect on the reaction rates of the TOC removal/denitrification process. 
Halli ng-Sorensen, et al (Ref. 1) proposed that using the Monod Kinetic approach, a combined 
kinetic equation relating the denitrification process with the influence of carbon concentration to 
the organism growth rate, can be expressed by the following relationship: 
 
 dSdenit/dt = - umax,D/YD * Sdenit/(KD +Sdenit) * STOC/(KTOC + STOC)* XD ………(1) 

 

Assuming that the TOC removal rate equals the denitrifying rate, i.e.  
 
 dSdenit/dt  = K*dSTOC/dt ………………………………………………………(2) 
 
Where   K = Stoichiometric coeff icient 
 
We further assume that the temperature and pH of the system are controlled at constant levels 
and nitrates are in excess, i.e. the nitrate concentration is not the rate-limiti ng factor, combining 
equations (1) and (2) leads to equation (3): 
 

dSTOC/dt = - umax,D/YD * STOC/(KTOC + STOC)* XD ………………..…………(3) 

 
where  umax,D = Maximum growth rate of the denitrifying bacteria, day-1 
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 XD     = Biomass concentration of the denitrifying bacteria, mg/l 
YD     = Denitrifying yield coeff icient, mg denitrifying bacteria grown (VSS) per mg 
             nitrates-N removed. 

 Sdenit = Concentration of substrate to be denitrified, mg/l as nitrate-N 
 STOC = TOC concentration in the TOC removal/denitrifying reactor, mg/l 

KD = Saturation constant, mg/l as nitrates-N 
t = Residence time, days 
KTOC = Saturation constant, mg/l as TOC 
 

Integration of equation (3) leads to equation (4): 
 
                      KTOC* ln (STOC / STOC,0) – (STOC – STOC,0) = -KRATE* t………..…(4) 
 
Where   KRATE = umax,D/YD*XD  
   
A Fortran subroutine using equation (4) for the TOC removal process was implemented into the 
TOC removal module of the WRS ASPEN Plus model.  Testing and verification of the modified 
model were completed. 
 
   
Implementation of the Half-Order Reaction Kinetics to the TOC Removal Module of the ASPEN 
PLUS WRS Model 
 
Harremoes (Ref. 2) proposed that the reaction kinetics for biofilm reactors follow zero-order or 
half-order reaction kinetics. The reaction follows the zero order reaction kinetics if the substrate 
fully penetrates the biofilm, otherwise it follows the half-order reaction kinetics when the 
substrate partially penetrates the biofilm. Some reports (Ref. 11, 14) found that both half-order 
and zero order reaction kinetics exist in the TOC reduction/denitrification processes under 
various substrate concentrations. 
 
In the BWRS application, it is assumed that excess nitrates are added to the TOC reduction 
reactor, making nitrates non-rate limiti ng. The only rate-limiti ng factor is, therefore, the TOC 
concentration. The reaction can be of zero or half-order kinetics, depending on the total organic 
carbon concentration of the system.  
 
As the basis of this task, half-order reaction kinetics of the TOC removal process was assumed 
and experimental data were correlated. A FORTRAN block using the half-order kinetics 
correlation was built i nto the TOC removal module of the WRS ASPEN PLUS Model. Testing 
and result verification were completed. 
 
In the near future, as more-experienced-based kinetics are developed, the FORTRAN block can 
be easily modified for more accurate prediction of the TOC removal reactor’s performance. 
 
 
Validation of the Modified TOC Removal Module  
 
In order to validate the modified TOC removal module, experimental data from the MOE unit 
were obtained from Karen Pickering/EC3, Barry Finger/Honeywell , and Jayesh Gandhi/GB 
Tech. 
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Subsequently, data reduction and correlation were conducted and completed. Results are shown 
in the following. 
 
Summaries of test data from data reduction and data conversion are tabulated in Tables 1 and 2. 
Figure 1 shows the relationship between the overall TOC conversion and Hydraulic Residence 
Time (HRT) for the MOE experimental unit. The relationship between the single-pass TOC 
conversion and residence time is presented in Figure 2.  
 
In Figure 1, test data collected between 6/22/99 and 4/23/2000 indicate that the TOC conversion 
and the hydraulic residence time are independent of each other.  Figure 2 shows the similar trend 
for the one-pass TOC conversion and the residence time for the same time frame.  
 
The MOE data collected between 6/22/1999 and 4/23/2000 also indicate that increasing the HRT 
does not result in higher TOC removal.  
 
As a result of this new finding and to confirm the kinetics, further literature search was 
conducted to obtain published data in the public domain. Experimental data found in 
Mendonca’s work (Ref. 3) show that the denitrification conversion is independent of hydraulic 
residence time. These data show that an increase in hydraulic loading or volumetric flow resulted 
in a long-term increase in the half-order denitrification rate constant.  The MOE data collected 
before 4/23/2000 exhibits the same phenomena as depicted in Figure 3. The nearly constant 
conversion with increasing hydraulic residence time is due to the higher growth rate of biomass 
at higher hydraulic loading and shorter hydraulic residence time.  
 
Reference 3, therefore, has confirmed the phenomenon found in the MOE experimental unit for 
data collected between 6/22/99 through 4/23/2000. 
 
In Table 1 and Figure 1, test data collected between 4/24/2000 and 9/14/2000 show that 
decreasing the HRT below 6.05 hours would decrease the overall TOC conversion. This suggests 
that a minimum HRT is required to achieve the optimum conversion of the TOC removal 
process.  
 
 
Optimization of the TOC Removal Process 
 
From Table 1 and Figure 1, three data points that are worthwhile for further investigation are 
HRTs at  6.05, 8.45, and 24.2 hours. Repeating the experiment at these data points will allow us 
to confirm the optimum hydraulic residence time and to make better judgment on the optimum 
HRT selection in the near future.  
 
If the downstream nitrification process of the BWP can be improved to a higher processing rate, 
the lower HRT of the TOC removal process can be selected. This will l ead to a higher overall 
BWP processing rate or the size reduction of the TOC reactor.   
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2. NITRIFICATION PROCESS 
 
Literature search and data review 
 
Literature search has been conducted to obtain experimental data similar to the operating 
conditions of JSC’s Nitrification process for the development of the reaction kinetics.  
 
The search indicates that none of the biofilm reactors in the public domain have the same 
configuration as JSC’s tubular nitrification reactor, which is designed for zero-gravity 
application. 
 
The nitrification data from the public domain show that nitrification reaction can follow the 
Monod kinetics or the Michaelis-Menten equation (Ref. 1). Some reports suggest that the 
nitrification kinetics can follow the zero-order kinetics or the first-order kinetics of a certain rate-
limiti ng substrate, such as the ammonium concentration, oxygen concentration, organic matter 
concentration, etc. (Ref. 15-26). Further literature will be researched and reviewed to confirm on 
the nitrification kinetics. 
 
 
Data Analysis of the SHEMP Unit’s Nitrification Process  
 
In order to upgrade the Nitrification module of the existing WRS ASPEN Plus model, test data 
from the SHEMP experimental unit were collected from Jayesh Gandhi/GB Tech.  
 
Data reduction and correlation were conducted and the results are shown in the following. 
 
Table 3 shows a summary of the SHEMP data. Figure 4 shows the relationship between the 
ammonium conversion and HRT for the SHEMP unit. More data collection and reviews are 
recommended before a more convincing conclusion can be drawn. 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Analysis tasks completed for the WRS Integration Testing are listed below: 

1. Implemented the Monod Kinetics to the TOC Removal Module of the WRS ASPEN Plus 
Model. 

2. Implemented the half-order kinetics in a Fortran Block for the TOC Removal module. 
3. Data analysis of the MOE experimental data collected between 6/22/99 and 4/23/2000 

shows that the TOC conversion is independent of the HRT/RT in that time frame. 
4. Review of published data suggests that the reaction kinetics of the TOC conversion can 

be zero or half-order for biofilm reactors. The reaction kinetics is dependent on the TOC 
concentration in the system and the degree of penetration of the substrate through the 
biofilm. 

5. Data collected from the MOE TOC converter after 4/23/2000 enables the estimation of 
the minimum HRT or optimum HRT. 

6. Numerous articles related to the nitrification process have been collected from the public 
domain and reviewed.  

7. Collected SHEMP Nitrification data from JSC and correlated the experimental data. 
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With the current experimental data collected, it is diff icult to develop an accurate reaction 
kinetics model for the TOC removal process. We would recommend the WRS team to perform 
the following: 

 
1. Perform additional experiments to collect a set of data specifically for the kinetics 

development. This needs to be done by running a set of experiments in parallel and each 
one in batch mode. The main focus is to quantify all the factors affecting the reaction 
rates, terminate the operation at different residence time, and analyze the TOC conversion 
for each experiment at the end of each termination. 

 
2. Repeat the HRTs at 6.05, 8.45 and 24.2 hours for the TOC reactor to confirm the 

repeatabili ty of the optimum data points. 
 

3. Explore the nitrification’s bioreactor technology, such as using the hollow fiber 
membrane, etc. Validate and confirm their performance in nitrification.  

 
4. Run more lab scale tests on the nitrification bioreactors under different conditions and 

locate the optimum parameters, e.g. nutrient concentration, pH control, etc. prior to the 
scale-up of the process. 
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