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Abstract 
This study investigated the potential of oleaginous yeast Rhodotorula glutinis utilizing pulp and 
paper wastewater effluents as cultivation media for the sustainable production of microbial lipids 
as biodiesel feedstock. R. glutinis is oleaginous yeast, which has the ability to produce significant 
quantities of intercellular lipids in the form of triacylglycerols. Yeast lipids are a promising poten-
tial feedstock for biodiesel production due to similar fatty acid composition to plant oils. The ef-
fect of various carbon sources on biomass production, lipid accumulation, substrate utilization, 
and fatty acid composition using R. glutinis in the pulp and paper wastewater media was studied. 
The pulp and paper wastewater was supplemented with glucose, xylose, and glycerol as carbon 
sources under nitrogen-limited conditions. The maximum lipid productions of 1.3 - 2.9 g∙L−1, 
which corresponded to the intracellular lipid contents of 8% - 15% cell dry weight (CDW), were 
obtained under various carbon substrates. A kinetic study of the batch fermentation was per-
formed in a 3 L aerobic batch fermenter to describe the cell growth, lipid accumulation, and sub-
strate utilization process, and the kinetic parameter was estimated. The fatty acid profile of olea-
ginous yeast was rich in palmitic, oleic, and linoleic acids and comparable to vegetable oils. Thus, 
the results of this study indicated that pulp and paper wastewater could be used to produce lipids 
as biodiesel feedstock. 
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1. Introduction 
The utilization of biodiesel has greatly increased over the past two decades due in part to concerns about the en-
vironmental consequences of fossil fuel combustion, the low lubricity quality of ultralow sulfur diesel, and the 
rapid rises in crude oil prices that can occur. Biodiesel, a mixture of fatty acid methyl esters (FAMEs) derived 
traditionally from vegetable oils and animal fats, is one of the most prominent renewable energy resources [1]. 
The cost of feedstock for producing biodiesel is responsible for almost 80% - 95% of the total cost of the 
process [2]. Oleaginous microorganisms that can accumulate 20% - 80% of their dry weight in the form of lipids 
are considered as alternative raw material for biodiesel production [3]. It has been shown that these microorgan-
isms utilize glucose, xylose, glycerol, food industry waste [4], and N-acetylglucosamine (GlcNAc) [5] for the 
production of lipids. 

Glucose is one of the most common carbon substrates for producing microbial biomass and lipids, which has 
been extensively investigated for use by different oleaginous microorganisms [6] [7]. However, the use of starch 
or other corn sugars as a carbon source results in conflicts between the food and biofuel industries and adds sig-
nificant cost to the final product. Using lignocellulosic based materials, which are representative of the largest 
potential of fermentable sugars, is promising as it can drastically lower the costs of microbial lipid production [8]. 
The depolymerization of cellulose and hemicellulose in lignocellulosic material results in a carbon source con-
taining glucose and xylose; thusly the co-fermentation of mixed sugars must be explored for effective lipid pro-
duction. Glycerol is another carbon source, which can be used as a substrate for lipid production. Since glycerol 
is the major by-product of biodiesel manufacturing, its usage as a carbon source for lipid accumulation may pro-
vide an additional benefit of offsetting the cost of biodiesel production. Glycerol accounts for 10% of the prod-
uct output. Approximately 1 kg of glycerol could be obtained for 3.78 liters of produced biodiesel [9]. 

Oleaginous microorganisms require high carbon to nitrogen ratios and the fermentation process requires high 
amounts of water and nutrients in the media to produce biomass with high contents of storage lipids. Various 
fermentation substrates have been investigated to evaluate the capability of oleaginous microorganisms in terms 
of growth and product formation, such as starch wastewater, molasses, wastewaters from potato, fruit juice and 
lettuce processing, olive oil manufacturing wastewater [10], and municipal wastewater [11]. Wastewater with no 
alternative application was considered in this work instead of the wastewaters that can be used for further pur-
poses such as animal feed. 

The pulp and paper industry is the fifth largest economy in the US and produces a considerable amount of 
wastewater. Furthermore, the pulp and paper industry can be considered as one of the largest industries in terms 
of water and energy utilization, consuming between 20,000 and 60,000 gallons of water per ton of product [12]. 
Large amounts of wastewater are produced from different steps of the pulp and paper making process as a result 
of high water consumption [13]. The general characteristics of the pulp and paper wastewater include high COD, 
high Biochemical Oxygen Demand (BOD), Suspended Solids (SS), and dark brown in coloration [14]. 

The present work focuses on the production of microbial lipid to be used as biodiesel feedstock through batch 
aerobic fermentation of pulp and paper wastewater. Pulp and paper wastewater has been considered as a fer-
mentation medium in order to reduce some of the cost associated with this process. The effects of the utilization 
of different carbon sources such as glucose, xylose, and glycerol by Rhodotorula glutinis on the lipid productiv-
ity were investigated. Kinetic models were applied to describe the processes of microbial growth, product for-
mation, and substrate utilization, which can be further used for the process scale up and bioreactor design in a 
similar system. 

2. Materials and Methods 
2.1. Yeast Inoculum Preparation 
R. glutinis (ATCC 15125) was obtained from American Type Culture Collection (ATCC). Sub-cultures of R. 
glutinis (ATCC 15125) was produced by adding an aliquot of R. glutinis stock, which was stored at -80˚C, into 
the flask of sugar broth media [1 g∙L−1 Yeast Extract, 1 g∙L−1 Na2HPO4∙12 H2O, 1 g∙L−1 KH2PO4, 0.4 g∙L−1 
MgSO4∙7H2O, 1.6 g∙L−1 (NH4)2SO4, 10.0 ml Trace Mineral Solution (3.6 g∙L−1 CaCl2∙2H2O, 0.75 g∙L−1 
ZnSO4∙7H2O, 0.13 g∙L−1 CuSO4∙5H2O, 0.5 g∙L−1 MnSO4∙H2O, 0.13 g∙L−1 COCl2.6 H2O, 0.17 g∙L−1 Na2MoO4.2 
H2O in distilled water), 6.0 ml Iron Solution (FeSO4∙7H2O in distilled water), and 60 g∙L−1 glucose], were incu-
bated for 4 days using a rotary shaker (New Brunswick Scientific Model I26, Edison, New Jersey) with a rota-
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tion speed of ~112 rpm at 30˚C. The media compounds were obtained from Fisher Scientific. 

2.2. Wastewater Collection and Characterization 
The pulp and paper wastewater was obtained from the International Paper Mill in Redwood, MS. Multiple sam-
ples of wastewater were collected and stored in plastic container. After collection, the wastewater containers 
were placed on ice for 24 hours prior to conducting the fermentation experiment. The wastewater was characte-
rized prior to being used as a fermentation medium as discussed below. The pH of the wastewater was measured 
using a bench top pH meter (Accumet Research AR25 Dual Channel pH/Ion Meter, Fisher Scientific). The COD 
of the wastewater was determined according to EPA standard method [15], and residual Ammonium-Nitrogen 
level was analyzed using ICS 3000 ion chromatograph (Dionex Corp, Sunnyvale, CA, USA). The initial charac-
teristics of the wastewater and its place of origin are provided in Table 1. Based on the initial characteristics of 
the wastewater, low nutrients levels and moderately low COD values were recorded with this wastewater source. 
Since the carbon to nitrogen ratio dictates the amount of oil accumulated within these microorganisms, the 
wastewater was supplemented with 60 g∙L−1 of a carbon source (glucose, xylose, and glycerol), and nutrients (1 
g∙L−1 K2HPO4, 1.5 g∙L−1 Na2H2PO4 and NH4Cl) prior to the experiment. The concentration of ammonium chlo-
ride as a nitrogen source was calculated to obtain a C:N ratio of 70:1. 

2.3. Fermentation Experiment 
The pulp and paper wastewater (2.4 L) was amended with 60 g∙L−1 carbon sources in 4 individual experiments 
including glucose, xylose, glycerol, and glucose-xylose (2:1) ratio and seeded with a 20% initial inoculum of R. 
glutinis (600 ml) in 3 L Bioflo 310 fermenter (New Brunswick Scientific, Edison, NJ) with an initial R. glutinis 
cell concentration of 10 g∙L−1. The pH of the amended wastewater was adjusted to 6.5 using 1M NaOH solution, 
and the temperature was controlled at 25˚C. The aeration rate was adjusted at 3 volume of air per volume of me-
dium and per minute (vvm). The agitation rate was set at 300 rpm, and adjusted to maintain a Dissolved Oxygen 
(DO) level no lower than 60% saturation during the experiment. A polypropylene-based antifoam, 1:10 dilution 
of nonoil (Sigma-Aldrich, St. Louis, MO) was periodically added to prevent foaming in the vessel. Samples 
were obtained from the aerobic batch fermenter every 12 h interval during the first 48 h of the experiment and 
then every 24 hours during the 7 days of incubation time. Control experiment was conducted using R. glutinis 
starter cultured in sugar broth media to compare the potential lipid production by R. glutinis using pulp and pa-
per wastewater and the optimal media components. 

2.4. Analytical Methods 
2.4.1. Cell Mass Concentration 
For each treatment, 30 ml of culture samples were taken and centrifuged at 3000 rpm, at 25˚C for 10 minutes 
using a Sorvall® ST 40 Centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) to separate the supernatant 
from the cell pellets. Cell pellets were placed in the freezer at −20˚C overnight, and then freeze-dried using a 
Labconco Freezone 2.5 freeze drier followed by gravimetric weight measurements to determine the cell mass 
concentration. The supernatant was stored in the freezer at −20˚C to be used for the analysis of sugar, and nitro-
gen. 

2.4.2. Lipid Extraction and Conversion of Lipids to Fatty Acid Methyl Esters 
The intercellular lipid content of the freeze-dried samples was determined based on the modified Bligh and Dyer  
 
Table 1. Pulp and paper wastewater initial characteristics (before treatment).                                               

Characteristics Wastewater 

Place of origin Post paper making process 

pH 2.25 

COD (mg/l) 1478 

Ammonium (mg/l) 3.95 

Sulfate (mg/l) 1400 
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method [16] as described by Revellame et al. [17]. The lipid content of the samples was expressed by the per-
centage of lipid in cell dry weight. The dried lipid residues were converted into fatty acid methyl esters (FAMEs) 
by transesterification using sulfuric acid and methanol as catalyst and reactant, respectively [18]. The fatty acid 
composition in the FAMEs was analyzed using an Agilent 6890 gas chromatograph equipped with a flame ioni-
zation detector (GC-FID). Helium was used as carrier gas. The injector temperature of 260˚C was used for the 
injection of the 1 µL Samples. The GC oven temperature was set at 50˚C, and then ramped to 250˚C after 2 min. 
The FID temperature was kept at 260˚C during the analysis [19]. 

2.4.3. Determination of Residual Sugars, and Ammonium-Nitrogen 
The supernatant samples were analyzed using YSI 2900 Biochemistry analyzer (YSI Inc. Life Sciences, Yellow 
Springs, OH, USA) equipped with a glucose oxidase, xylose oxidase, and glycerol oxidase membrane probe for 
the measurement of glucose, xylose, and glycerol, respectively. The residual ammonium-nitrogen level was 
analyzed using an ICS 3000 ion chromatography (Dionex Corp, Sunnyvale, CA, USA) to monitor the point of 
nitrogen depletion, and nitrogen level in the wastewater. ICS is equipped with an IonPac CS16 cation exchange 
analytical column (250 mm × 4 mm) and CG16 guard column (50 mm × 4 mm) and a conductivity detector. 

2.5. Statistical Analysis 
Statistical analysis was carried out using SAS® 9.4 (Copyright © 2015, SAS Institute Inc., Cary, NC, USA). The 
statistical significance of differences in mean values was analyzed using one-way analysis of variance (ANOVA) 
with Tukey-Test at 95% confidence intervals. 

3. Results and Discussion 
3.1. Growth and Lipid Production by R. glutinis Using Different Carbon Substrates 
It was hypothesized that the oleaginous yeast R. glutinis can produce microbial lipids from pulp and paper 
wastewaters amended with carbon sources, which can be further converted to biodiesel. In this study, carbon to 
nitrogen ratio of 70:1 with initial nitrogen and carbon source concentrations of 1.3 and 60 g∙L−1 was used, re-
spectively. The fermentation profiles were plotted and presented in Figure 1 with the error bars that represent 
the standard deviation of three independent replicates. Figures 1(a)-(d) show the results of the fermentation 
profile over the 7 days of fermentation. From Figures 1(a)-(d), it can be seen that fat-free biomass increased 
significantly within the first 96 - 120 hours of cultivation and stayed constant after ~120 hours for all the carbon 
sources except xylose. No lag phase was observed for the growth of R. glutinis for all the carbon substrates ex-
cept xylose. This is most likely due to the fact that samples were not taken during the first 12 hours of incuba-
tion when the lag phase would have occurred. In the case of xylose utilization, it can be seen from Figure 1(b) 
and Figure 1(c), that growth and lipid accumulation started after 24 hours lag phase. The xylose utilization was 
observed to lag within the first 24 hours, which could be attributed to the synthesis of enzymes by the oleagin-
ous yeast for xylose utilization. Similar results were observed when co-fermentation of glucose and xylose was 
used by activated sludge microorganisms [20]. A complete depletion of ammonium-nitrogen level was observed 
after 48 hours of fermentation regardless of the type of substrate initially provided. In all the treatments, growth 
and lipid accumulation reached the maximum non-lipid biomass and lipid concentration of 12 - 17 g∙L−1 and 1.3 
- 2.9 g∙L−1, respectively, which correspond to the intracellular lipid contents of 8% - 15% CDW. There were no 
significant differences in biomass production among the treatments using different substrates. However, glycerol 
grown R. glutinis was significantly higher in terms of lipid accumulation among all the treatments. A maximum 
lipid content of 15% ± 0.92% CDW was obtained when glycerol was used as a substrate, which could be attri-
buted to the highest lipid accumulation. As shown in Figure 2, after glycerol, xylose grown R. glutinis cells 
reached the maximum lipid content of 12.6% ± 2.65% CDW. 

However, in the control experiment under similar fermentation conditions, R. glutinis accumulated lipids up 
to 27% ± 4.6% on a cellular biomass basis with 21 ± 3.12 gL−1 biomass production within 6 days, which was 
significantly higher than all the treatments in terms of biomass and lipid production. Lower lipid content of R. 
glutinis cultivated in pulp and paper wastewater could be due to the presence of organic material and lignin 
breakdown products in the wastewater, which acts as inhibitory compounds on lipid synthesis. However, in the 
control experiment, a combination of (NH4)2SO4 and yeast extract was used as a nitrogen source, but in the 
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(a)                                                      (b) 

  
(c)                                                      (d) 

Figure 1. Fermentation profile of R. glutinis grown on pulp and paper wastewater using different substrates: (a) Pure glucose;  
(b) Pure xylose; (c) Glucose-xylose (2:1) ratio; and (d) Pure glycerol.                                                    
 

 
Figure 2. Percentage of total lipid extract and FAMEs yield based 
on cell dry weight (% CDW).                                 
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experiment using wastewater as a medium, NH4Cl was replaced as a nitrogen source to discard the negative ef-
fects of sulfate on the final wastewater. It is reported that organic nitrogenous compounds such as yeast extract 
and peptone have a positive effect on lipid production, but negatively affect the cell growth; conversely, inor-
ganic nitrogen sources like (NH4)2SO4 and NH4Cl are effective for cell growth, but not favorable for lipid pro-
duction [21]. Since nutrient composition can have different effects on the growth and lipid accumulation, the 
lower lipid content could be as a result of using a different nitrogen source. Thus, further investigations need to 
be done to achieve a more detailed knowledge about the effects of nutrient compound on the cell growth and li-
pid accumulation. 

3.2. Utilization of Different Substrates by R. glutinis 
R. glutinis was able to completely deplete the supplied carbon sources in 7 days of fermentation except in the 
treatments where xylose was supplied (Figure 1). It was observed that considerable amounts of xylose remained 
in the media after 7 days of cultivation when pure xylose and also xylose in combination with glucose was used. 
Approximately, 22% of the initial xylose sugar remained in the fermenter when xylose was used as a sole sub-
strate. When substrate combination of glucose-xylose was used, the residual xylose remaining was about 46%. 
The sequential utilization of glucose followed by xylose was observed (Figure 1(d)), which indicates that the 
consumption of glucose was favored by R. glutinis. The sequential utilization of glucose and xylose could be 
due to synthesizing enzymes by R. glutinis in order to metabolize xylose [20]. Recent studies indicated that 
oleaginous yeasts tend to sequentially convert the mixed sugars. The sequential substrate consumption pattern 
was reported for the yeast Lipomyces starkeyi [22]. However, a simultaneous utilization of glucose and xylose 
rather than sequential pattern, no diauxic growth behavior, and no presence of lag phase was reported when 
oleaginous yeast strain Trichosporon cutaneum was used in a stirred-tank bioreactor [23]. In this study, it was 
apparent from the data that R. glutinis is following a classic diauxic growth curve. 

3.3. Kinetic Modeling 
Monod or logistic equations can be used to explain the growth process of most microorganisms [6] [24] [25]. 
The logistic equation was selected due to its simplicity for calculating fermentation kinetic parameters. Fat-free 
biomass was characterized using the logistic model and presented as: 

max
max

d 1
d
X X X
t X

µ
 

= − 
 

                                 (1) 

where d
d
X
t

 is the rate of cell growth; maxµ  (h−1) is the maximum specific growth rate; X (g⋅L−1) is the fat-free  

biomass concentration at any time t (h); maxX  is the maximum value of fat-free biomass in the medium. As-
suming that at the beginning of the fermentation (t = 0), the fat-free biomass was given by its initial value 
( )0X X= , integrating Equation (1) becomes: 

max

max

0 max

max 0 0

e
e

t

t

X XX
X X X

µ

µ=
− +

                                 (2) 

Product formation was modeled by a Luedeking-Piret equation [26]. The rate of lipid accumulation depends  

on the instantaneous fat-free biomass (X) and fat-free biomass rate d
d
X
t

 
 
 

: 

d d
d d
P XnX m
t t
= +                                       (3) 

where d
d
P
t

 is the lipid accumulation rate; n and m are empirical constants stand for the non-growth correlation  

coefficient and growth correlation coefficient. After substituting d
d
X
t

 by Equation (2) in Equation (3), and in- 

tegrating assuming at t = 0, the concentration of lipid is equal to its initial concentration ( )0P P= , the following 
equation for lipid accumulation was achieved: 
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X

µ
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µ µ

 
 

  = + − + − −      − −    

                     (4) 

The substrate was utilized primarily for cell growth, along with product formation and cell maintenance. The 
substrate utilization was described by Luedeking-Piret equation [26], expressing the rate of substrate utilization  

as a function of instantaneous fat-free biomass rate d
d
X
t

, lipid accumulation rate d
d
P
t

, and cell maintenance  

coefficient term: 
d 1 d 1 d
d d d e

X S P S

S X P K X
t Y t Y t

− = + +                                 (5) 

where d
d
S
t

−  is the total substrate consumption rate; X SY  (g fat-free biomass produced/g sugar consumed) and  

P SY  (g lipid produced/g sugar consumed) are the yield coefficients for fat free biomass and lipid, respectively,  

and eK  refer to the maintenance coefficient. After substituting d
d
P
t

 by Equation (3), and rearranging, Equation 

(5) becomes: 

d 1 d
d de

P S X S P S

S n m XK X
t Y Y Y t

   
− = + + +      

   
                             (6) 

where e
P S

n K
Y

β
 

+ =  
 

, and 1 .
X S P S

m
Y Y

α
 

+ =  
 

 

d d
d d
S XX
t t

β α− = +                                  (7) 

After substituting d
d
X
t

 by Equation (2) in Equation (6), and integrating, the Equation (8) was obtained ex- 

pressing the substrate concentration: 

( )max 0
0 max 0

max

1lne
P S X S P S

X Xn mS S K t X X
Y X Y Y

µ
µ

      = − + + − + −               
                     (8) 

where S0 is the initial substrate concentration at the beginning of the fermentation (t = 0). 
In this study, the kinetic models expressing cell growth, lipid accumulation, and substrate utilization were fit-

ted to the experimental data for estimation of the model kinetic parameters. The kinetic equations were solved 
using a nonlinear regression method. Matlab (MATLAB Release 2014a, The MathWorks, Inc., Natick, Massa-
chusetts, United States) was used for data analysis using nonlinear least squares method (Levenberg-Marquardt 
algorithm) for minimizing residual sum of square of errors (RSSE). The kinetic parameters related to biomass 
growth ( 0X , maxX , and maxµ ), lipid production (m and n), and substrate consumption ( 0S , α , and β ) were 
determined and presented in Table 2 whereas the experimental results and corresponding fits to the model ki-
netic equations were illustrated in Figure 1. 

The values of maximum specific growth rate maxµ  were in the same range for glucose and glycerol, however, 
it slightly decreased from the value of about 0.05 to 0.02 ( )1h− , when xylose used as a single or secondary sub-
strate. From the kinetic parameters regarding to lipid accumulation process (m and n), it can be seen that for all 
the treatments except glycerol, the constant m is larger than n, which suggest that lipid production is a mixed 
growth associated process with a greater contributions from the growth-associated lipid production term. On the 
other hand, in the case of using glycerol, lipid accumulation process is a mixed growth-associated process with 
greater contributions from the non-growth-associated lipid production term. The values of coefficients of the 
determination (R2) were in the range of 0.97 - 0.99, which shows a good agreement between the model predic-
tion and the experimental data for non-lipid biomass, lipid production and the substrate utilization. 
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Table 2. The values of kinetic parameters for R. glutinis cultivated in pulp and paper wastewater supplemented with different 
substrate sources.                                                                                           

Parameters 
Substrates 

Glucose Xylose Glucose/Xylose Glycerol 

Fat-free biomass     

X0 (g∙L−1) 2.97 2.7 4.26 3.18 

μmax (h−1) 0.044 0.027 0.028 0.05 

Xmax (g∙L−1) 14.51 14.71 18.13 15.47 

R2 0.99 0.99 0.97 0.98 

Lipid     

m 0.027 0.026 0.05 0.0005 

n 0.0007 0.0009 0.0003 0.0015 

R2 0.99 0.98 0.98 0.97 

Substrate     

S0 60.68 63.13 63.88 62.74 

α 2.84 3.85 2.76 2.087 

β 0.012 0.0031 0.006 0.018 

X SY  0.42 0.266 0.44 0.48 

P SY  0.058 0.297 0.1 0.12 

eK  0.000001 0.0001 0.003 0.0057 

R2 0.99 0.98 0.98 0.99 

3.4. FAMEs Yield and Fatty Acid Profile of Oleaginous Yeast 
The fatty acid composition of oleaginous yeasts was greatly dependent on the type of medium used and the 
growth condition. Some cultivation conditions such as temperature, pH of the medium, the type of the substrate, 
C:N ratio of the culture, and available oxygen for microorganisms can affect the accumulated lipids and derived 
fatty acids profile. The results of the characterization of total extracted lipid and FAMEs yield by transesterifica-
tion of the lipids within 7 days of fermentation were shown in Figure 2. The transesterification yield was in the 
range of 40% - 60% (w/w) based on extracted lipid for all the treatments. 

In this investigation, the fatty acid profile of R. glutinis was determined using FAMEs analysis in order to 
evaluate the potential of using this oleaginous yeast as biodiesel feedstock. Figure 3 shows the composition of 
the produced FAMEs from transesterified R. glutinis lipids. According to Figure 3, palmitic acid (C16:0), oleic 
acid (C18:1), and linoleic acid (C18:2) were the main intracellular fatty acids, which accounted for approx-
imately 22% - 25%, 26% - 35%, and 23% - 27% of the total FAMEs for all the substrates, respectively. The 
palmitic acid (C16:0) level, which was the majority of the saturated fatty acids, did not change considerably by 
the type of carbon sources and remained in the order of 22% - 25%. Similar results were observed when other 
types of oleaginous microorganisms such as Mortierella isabellina and Cunninghamella echinulata [27] [28], 
and Lipomyces starkeyi [22] were used. The maximum level of monounsaturated fatty acid was achieved in 
glucose grown R. glutinis, which was 34% ± 0.85%. 

The composition of the FAMEs was comparable to the fatty acid profile of the soybean and rapeseed oil, 
which are the commonly used biodiesel feedstocks in the US and the EU, respectively. Comparing the fatty acid 
composition of R. glutinis in this study with soybean and rapeseed oil indicates that the FAMEs derived from 
transesterification of lipids from R. glutinis were more saturated (Table 3). Increased levels of saturated fatty 
acids improve the quality of the biodiesel such as increasing the cetane number, decreasing the level of nitrogen  
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Figure 3. Fatty acid composition of transesterified lipids produced by R. glu-
tinis grown in pulp and paper wastewater.                                

 
Table 3. Comparison of the saturated, monounsaturated, and polyunsaturated fatty acids and their corresponded cetane 
number, iodine value, saponification value, and higher heating value for the common vegetable oils biodiesel feedstock with 
R. glutinis lipids.                                                                                             

Biodiesel Soybean33 Rapeseed33 Palm33 Sunflower33 R. glutinis 

Saturated 14.2 7.1 51 11 37.7 ± 0.6 

Monounsaturated 23.2 58.6 39 20 31.9 ± 0.28 

Polyunsaturated 57.8 29.6 10 69 29.6 ± 0.15 

Cetane number (CN) 45 - 60 44 - 65 58 - 70 49 - 61.2 57.2 ± 0.15 

Iodine value (IV) (g iodine/100g oil) 120.52 108 59 136 92.9 ± 0.3 

Saponification value (mg KOH/g oil) 194.61 197 205 193 195 

Higher heating value (MJ/Kg) 39.63 39.73 41 39.45 40 ± 0.004 

 
oxide, and increasing oxidative stability. On the other hand, the unsaturated fatty acids are responsible for im-
proving cold flow property of the biodiesel [29]. Thus, the quality of a biodiesel produced from this feedstock 
could have improved in terms of oxidative stability, cetane number (CN), and nitrogen oxide level (decreased 
NOx), which are attributed to the higher levels of saturated fatty acids and lower levels of polyunsaturated fatty 
acids. 

3.5. Prediction of the Quality of the Biodiesel from Fatty Acid Composition 
To evaluate the quality of the biodiesel, which can be produced from R. glutinis lipids, some fuel properties such 
as cetane number, iodine value, saponification value, and higher heating value were estimated using available 
published models. Bamgboye and Hansen showed that the cetane number can be predicted by developing an 
equation, which relates the cetane number of biodiesel fuels with FAMEs composition of the feedstock used for 
biodiesel production [30]. One of the properties of the biodiesel that affect the long-term storage of the fuel is 
oxidative stability of the fuel. The most common method to compare the oxidative stability of the biodiesel fuels 
is to determine the iodine number or iodine value, which is the indication of a higher numbers of double bonds. 
Although iodine value may not be the best measurement of oxidative stability since it does not take into consid-
eration the double bond positions for oxidation in fatty acid chain, it can be considered as a rough estimate for 
evaluating the biodiesel stability properties. A theoretical model was developed to predict the iodine value and 
saponification value of biodiesel fuels from the fatty acid profile of the produced FAMEs, so by using the sug-
gested models the properties of the target biodiesel can be estimated without any need of testing these properties 
[31]. The developed model for prediction of cetane number, iodine value, and saponification value is provided in 
equations 9 [30], 10 [31], and 11 [31], respectively. To predict the higher heating value of the biodiesel, which 
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characterizes the energy content of it, a model was developed by Demirbag [32] that uses the iodine value and 
the saponification value of the biodiesel. The proposed model is given as equation 12 [32]. Table 3 lists the ce-
tane number, iodine value, saponification value, and the higher heating value of the biodiesels produced from 
different vegetable oil feedstocks [33]. These biodiesel values were also determined for the R. glutinis lipid 
source, and presented in Table 3. Some variations on the iodine value of the R. glutinis lipid were observed with 
a range of 90.4 - 102.2 g iodine/100g of oil using different substrate. The cetane number, saponification value, 
and higher heating value were quite similar using different substrates. Comparing these four biodiesel properties 
of the R. glutinis lipid raw material with the most common plant oils used as biodiesel feedstock indicates that 
these chemical values were in the range of those observed for the vegetable oils (soybean, rapeseed, palm, and 
sunflower). 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

Cetane number 61.1 0.088 0.133 0.152 0.101

0.039 0.243 0.395

CN M P S PA

O L LL

= + × + × + × − ×

− × − × − ×
             (9) 

( ) ( ) ( ) ( ) ( ) ( )Iodine value 35.9 0.212 0.660 0.448 1.23 1.73IV P S O L LL= − × + × + × + × + ×          (10) 

( ) ( ) ( ) ( ) ( ) ( )Saponification value 268 0.418 1.3 0.695 0.77 0.847SV P S O L LL= − × − × − × − × − ×      (11) 

where, Myristic,  Palmitic,  Stearic,  Palmitoleic,  Oleic,  Linoleic,  and LinolenicM P S PA O L LL= = = = = = = . 

( ) ( ) ( )Higher heating value 49.43 0.015 0.041HHV IV SV= − × − ×                    (12) 

4. Conclusion 
Cultivation of oleaginous yeast R. glutinis in pulp and paper wastewater indicated that this oleaginous microor-
ganism is able to grow in pulp and paper wastewater for producing microbial lipid. The oleaginous yeast used in 
this study was able to convert pure glycerol and the mixture of glucose and xylose very efficiently, demonstrat-
ing the potential utilization of industrial waste glycerol and xylose containing wastes such as lignocellulosic 
wastes. The fatty acid composition of the oleaginous yeast was similar to the fatty acid profile of vegetable oils 
which makes its chemical characteristic similar to plant oils suitable for biodiesel production. The cetane num-
ber, saponification value, and higher heating value of the derived biodiesel (FAMEs) were quite similar to those 
observed for the biodiesel produced from common vegetable oils with some improved quality. The applied ma-
thematical model was able to successfully simulate the growth and lipid accumulation process. 
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