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Abstract

Purpose The twofold aim of this study was to optimize nutrients important for methane yield in substrate mixtures and to assess
the effect of the optimized nutrients on methane production.

Method Augmented simplex lattice design was used on three substrates, i.e., matooke peels (MPs), cassava peels (CPs), and
sweet potato peels (SPs) wherein 16 ratio combinations were assessed for their macro- and micronutrient compositions and
methane production potential. Experimental data was simulated using canonical polynomial models to determine mixture
combinations with optimal nutrients stimulatory to methane yield.

Results Six optimization solutions with the global optimal having a desirability of 0.93 and a ratio of 0.611:0.375:0.015 were
observed to be localized over the design space. Biomethane experiments were in agreement with the optimized mixture ratios as
ratios that gave the highest methane yield of 0.3 Nm>CHy/kg VS and above lay in the optimized design region.

Conclusion Therefore, charts showing optimized regions of different substrate mixtures in terms of their nutrients can be a tool in

biogas digester operations.

Keywords Substrate mixtures - Nutrients - Anaerobic digestion - Polynomial models - Methane

Introduction

Both macro- and micronutrients have been reported to en-
hance methane production (Demirel and Scherer 2011;
Pobeheim et al. 2010; Schattauer et al. 2011); however, in
contrast, they can be inhibitors or toxic to the methane forma-
tion process (Appels et al. 2008; Chen et al. 2008). In addition,
single substrates are said to be imbalanced in terms of
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nutrients when used as biogas substrates (Li et al. 2013).
One possible solution to this nutrient imbalance is co-
digestion or mixing two or more substrates together (Garcia-
Pefia et al. 2011; Krishania et al. 2013; Li et al. 2013; Macias-
Corral et al. 2008; Marafion et al. 2012; Zaher et al. 2009). The
challenge, however, is getting the second or third substrate for
co-digestion without incurring extra costs in terms of transport
or purchasing which reduces the net energy benefit of the
project (Berglund and Borjesson 2006; Walla and
Schneeberger 2008). Different researchers have proposed con-
centration limits of different nutrients that are stimulatory to
methane yield without inhibition as presented in Table 1.

At a household level, however, the waste generated is of
mixed composition depending on the eating habits of a given
household/community. In this mixed composition, particular
constituents stand out most of the time, if not on a daily basis.
Little attention has been paid to these waste constituents in the
mixture as far as their influence on biogas/methane production
is concerned. Yet, inhibition of methane formation is depen-
dent on the proportion of different substrates in the mixture
and not on the total amount of substrates (Alvarez et al. 2010).
Instead, researchers have continued considering household
waste wholesomely as a single substrate for biogas
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Table1 Concentration limits of mineral nutrients that are not inhibitory
to methane production

Mineral Concentration limit ~ References

nutrient (mg/kg)

Ca 2007000 (Appels et al. 2008; Chen et al.
2008)

K <2500 (Appels et al. 2008)

Na 350 (Appels et al. 2008)

Mg 75-4800 (Appels et al. 2008; Schattauer
et al. 2011)

Al <2500 (Chen et al. 2008)

Fe 0.28-50.4 (Schattauer et al. 2011)

Mn 0.005-55

Cu 0.06-64

Co 0.00059-0.19

Ni 0.0059-5

S 0.32-13,000

Pb 0.02-200

production, and the results have not been promising.
Therefore, continuing to take household waste as a single
substrate without taking into account the different constituent
proportions totally disregards the factors that inhibit methane
formation. Hence, there is a need to understand nutrient levels
and influence of the household waste constituents in varying
mixed proportions on the methane yield.

In Uganda, for example, matooke peels (MPs), i.e., peels
from the East African Highland’s cooking-type banana, cas-
sava peels (CPs), and sweet potato peels and vines (SPs) are
agricultural wastes that are widely common in people’s
homes. These three wastes are not only present in Uganda
but also in most developing countries as they originate from
their main staple foods (Katongole et al. 2011; Kinobe et al.
2015). The disposal of these wastes is a challenge especially in
the urban areas given that approximately 60% of municipal
solid waste (MSW) comes from households (Fehr et al. 2000;
Hanc et al. 2011; Ogwueleka 2013) and over 90% of MSW is
organic (Komakech et al. 2014). Although some people (ap-
proximately 65%) with animals often collect these wastes as
animal feeds (Katongole et al. 2011), their efforts are negligi-
ble given that they mainly use them during the dry season
(Mabala 2015). This has made matooke peels the common
wastes at landfills (Kinobe et al. 2015). In contrast, MPs are
being used for making briquette. However, the unit cost of
energy from briquettes in Uganda has been found to be more
than twice that of charcoal, thereby making briquettes unat-
tractive to charcoal users (Tumutegyereize et al. 2016).

Therefore, the aim of our study is to assess the effect of
substrate mixtures of MP, CP, and SP on nutrients important
for biogas production and to optimize mixtures before they are
subjected to anaerobic co-digestion. This is in light of the fact
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that MPs, for example, are considered to have considerable
amounts of potassium (Komakech et al. 2014) which has the
potential of neutralizing the membrane potential of anaerobic
microorganisms as well as extracts other metals bound to ex-
changeable sites in any mixture (Chen et al. 2008). Therefore,
mixing MP, CP, and SP together would have an antagonizing
or synergizing effect owing to the combination of other ele-
ments on the high or low levels of any nutrient in the mixture.
For example, a combination of sodium, magnesium, ammoni-
um, and calcium is said to have a moderating effect on high
levels of potassium (Appels et al. 2008; Chen et al. 2008). In
this manner, methane inhibition due to micro- and macronu-
trients can be controlled or minimized. More so, these nutri-
ents are expected to be supplied by the substrate, thus making
the selection of the substrate extremely critical in the abun-
dance of nutrients (Schattauer et al. 2011). In this regard, nu-
trients are no longer regarded a scientific anomaly but an
engineering necessity (Speece 1996). According to Demirel
and Scherer (2011), the lack or imbalance of these nutrients in
biogas digesters is probably the first cause of process ineffi-
ciency despite proper management and control of other
operational and environmental parameters.

Materials and Methods
Sample Preparation

Samples were prepared following the AOAC (2006) standard
method for the preparation of laboratory samples of plant or-
igin. Samples of MP, CP, and SP that are free from any foreign
matter were secured through buying matooke, cassava, and
sweet potato from the local markets in Kampala, peeled, air-
dried, and grinded using a laboratory mill (Christy Hunt
Agricultural Limited, Machine type 8", Serial No. 24387) at
the Makerere University Agricultural Research Institute
Kabanyolo (MUARIK) and packed in air-tight bags ready
for analysis.

Experimental Design

An augmented simplex lattice design (ASLD) was used for
designing the experiment given that methane formation inhi-
bition is dependent on the proportion of different substrates in
the mixture (Alvarez et al. 2010). That is to say, according to
Cornell (2002), a [q, m] simplex lattice design for ¢ compo-
nents will have design points given as

+ m—1 —
(q ) = 1)!/m!(q71)!7

m

where m denotes the number of equal spacing between the
proportions assumed by each component to take m + 1 values
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from 0 to 1, that is, x; = 0, 1/m,z/m, ey 1fori=1,2,....q.
Therefore, the design is restricted by Eq. 1. Due to this restric-
tion, the polynomial model that can be used to fit the data
corresponding to the design points is different from the tradi-
tional polynomial. Instead, it is called the canonical polyno-
mial which can be linear, quadratic, special quadratic, cubic,
or special cubic. Presented in Egs. 2, 3, and 4 are the linear,
quadratic, and special cubic canonical polynomial models
used to fit to the data from a mixture experiment.

q

xi=x1+x+ . +x,=1.0 (1)

i=1
q

n= ; Bixi (2)
q g q

n= Zl Bixi + 21 ;ﬂ;;xixj (3)
i= i=li<j

q q 4q q q q
n= 2 Bxi+ X X Bypxix;+ X 2 X BuXixjxe (4)

i=1 i=1i<j k=1 j<ki<j
where

n is the expected response at any design point

0B;  is the effect on the response of changing the proportion
of component i

B  is the effect on the response of changing the proportions
of any two components

By is the effect on the response of changing the proportions
of all components

Ratios of MP:CP:SP were the variables while K, Na, Ca,
Mg, Zn, Co, Al, Cu, Mn, Pb, Ni, S, and Fe were the responses.
A total of 16 sample ratios were analyzed as shown in Table 2.

Instrumentation

Microwave plasma-atomic emission spectrometry (4100 MP-
AES, Agilent, Santa Clara, CA, USA) was used for the deter-
mination of Zn, Co, Al, Cu, Mn, Pb, Ni, and Fe. The viewing
position and nebulizer pressures were optimized automatically
using the Agilent MP Expert software version 1.1.1.45895.
Magnesium was determined using atomic absorption spec-
trometry (AAS), while Na, Ca, and K were determined using
a flame atomic emission spectrometry. Nitrous oxide-
acetylene flame was used for Ca due to its high temperature
compared to the air-acetylene flame used for Mg, Na, and K to
avoid chemical interference due to phosphates. In contrast,
sulfur was determined using a S-144DR sulfur determinator
by the infrared detection method with an oven temperature of
48.38 °C, furnace temperature of 1220.32 °C, furnace set
point of 1253.20 °C, and both pump/oxygen inlet and incom-
ing pressure on. Zn, Co, Al, Cu, Mn, Pb, Ni, Fe, Na, Ca, K,
Mg, and S were all determined according to AOAC (2000).
Biomethane potential was determined using 250-mL serum

bottles with a working volume of 150 mL following the pro-
cedures described by Angelidaki et al. (2009) and Hansen
et al. (2004).

Analysis and Optimization

Design Expert 7.0 (trial version), a statistical package, was
used for regression analysis and optimization. Global and lo-
cal optimum ratios that would give nutrient concentrations
that are not inhibitory but stimulatory to methane production
were achieved by setting targets for K, Na, Mn, and Cu, max-
imizing Mg and minimizing S, while Ca, Co, and Ni were kept
within the range. This was based on concentration limits of
different nutrients that are said to not cause deficiency or an
inhibitory effect on methane production already presented in
Table 1.

Sample Preparation for MP-AES and AAS Analyses

Sample solutions for metal analysis were prepared by the
dry ashing standard method. For this, 1 g of each dried
and ground sample was weighed into a porcelain crucible
and then ashed for 2 h at 500 °C. However, the furnace
was set at 520 °C since at 500 °C, it would be less by
20 °C as detected by the K-type thermocouple. After
ashing for 2 h, the crucibles were cooled in a desiccator
and 10 drops (approximate to 0.5 mL) of deionized water
from a Millipore system added followed by 4 mL of
HNO; with 50% dilution. Crucibles were then heated on
a hot plate at 120 °C to evaporate excess HNOj; and
placed in the furnace for 1 h at 500 °C. After cooling
the crucibles, the ash was dissolved in 10 mL of HCI1 with
50% dilution and the content was transferred to a 100-mL
volumetric flask where it was diluted to volume by deion-
ized water (AOAC 2006).

Results and Discussion
Effect of Substrate Mixtures on Nutrients

Table 2 shows the experimental means for the analyzed
nutrients against MP:CP:SP ratios. Generally, Na and Cu
could not be detected in ratios without MP while Co
could not be detected as MP was introduced in the ratios.
Table 2 may not explain the effect of ratios on the differ-
ent nutrients well, despite large decreases or increases in
concentrations as ratios changed. Therefore, regression
models and response surfaces were generated to explain
this effect. The relationships between Ca, K, Na, Mg, Fe,
Al, Zn, Cu, and S and MP:CP:SP ratios were observed to
be best predicted by cubic regressional models significant
at a 95% confidence level. This is contrary to the default
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Table 2  Experimental design and average means for the analyzed mineral nutrients

Substrate ratios Average means of mineral nutrients (mg/kg DM)

MP  CP SP Ca K Mg Na Fe Al Zn Co Mn Cu Ni Pb S

0.00 0.00 1.00 394.08 1331.78 53.89 N.D 3643.39 827899 78.03 2.03 480.12 349.17 5.00 14.56 1919.30
0.00 050 050 212.86 508.39 1322 N.D 3350.20 7209.54 1196 2.70 33126 N.D 0.83 11.42 230295
0.00 033 0.67 ND 675.10 13.11 N.D 476248 7994.18 30.19 120 380.74 N.D 9.17 12.08 2063.10
0.00 0.67 033 90.16 498.06 9.88 N.D 5135.09 9364.24 90.73 0.35 34796 N.D 3.83 10.89 2153.70
0.00 1.00 0.00 N.D 145.15 N.D N.D 3145.09 566749 66.96 130 141.62 N.D 225 496 2035.20
0.50 0.00 0.50 183820 291594 15280 141.73 3488.68 7198.08 47.24 1.80 310.04 N.D 0.50 13.93 1560.10
033 0.00 0.67 2203.18 2697.54 17649 763.19 2977.18 6640.13 14.89 120 35421 N.D 0.75 14.66 2120.60
0.50 050 0.00 2369.69 2460.52 184.55 1265.08 2593.41 513237 86.08 0.50 73.68 N.D 2.17 13.34 1959.05
033 033 033 2340.62 2307.64 17638 957.02 355222 757274 82.51 N.D 36034 5083 375 1291 1848.95
0.167 0.167 0.67 1989.73 197721 15998 518.07 3103.58 6473.06 4631 N.D 217.09 N.D 0.50 12.00 2445.75
033 0.67 0.00 2047.49 151533 16031 76535 2544.77 5036.62 4647 ND 7841 4833 083 927 2168.15
0.167 0.67 0.167 2366.24 1381.88 17739 797.24 3052.66 607472 7295 N.D 12995 8875 1.00 1391 1893.55
0.67 0.00 033 224598 3352.34 17297 1050.74 2481.06 558942 45.09 N.D 190.11 130.33 0.50 10.53 1742.10
0.67 033 0.00 54,857.32 4699.89 376.72 N.D 2019.61 406587 61.73 ND 1192 2050 0.75 14.50 1137.92
0.67 0.167 0.167 206623 270498 164.59 98.99 5402.90 5362.16 12246 N.D 6.76 399.17 N.D 15.02 133220
1.00 0.00 0.00 47,291.12 166,068.75 178.05 26140 3951.89 6373.55 111.17 N.D N.D 47525 150 16.70 1153.45

N.D, not detected

linear relationship most literature seem to suggest
(Macias-Corral et al. 2008; Heo et al. 2004). Figure 1 a—
i illustrate the behavior of these responses (nutrients) over
the design space, and Eqs. 5-13 show the cubic models
describing their relationships. Only the cubic regressional
model for Fe explained less than 50% (R*=0.48) of the
captured response variability. However, it still described
the relationship between the significant MP:CP:SP ratios
and Fe as it was significant (P value=0.0015) with an
adequate signal-to-noise ratio of 6.6 which is greater than
4, the minimum (Table 3). This can also be said of the

models for Co, Ni, and Pb whose R values were less than
0.5.

Ca = 7909.23 x MP-9113.67 x MP x SP 4 11801.61
x MP x CP x (MP—CP)-25387.64 x MP x SP
x (MP-SP) (5)

In(K) = 12.02 x MP 4 4.98 x CP 4 7.19 x SP-2.76 x MP x CP—6.81 x MP x SP + 1.08 x CP x SP
+15.66 x MP x CP x SP—10.04 x MP x CP x (MP-CP)~10.24 x MP x SP x (MP-SP) (6)
+3.25 x CP x SP x (CP-SP)

Mg = 189.65 x MP + 56.38 x SP + 621.20 x MP x CP + 204.58 x MP x SP + 684.57 x MP x CP x SP

~650.45 x MP x SP x (MP-SP) (7)
Na = +2465.92 x MP x CP + 2232.98 x MP x SP-7366.81 x MP x CP x (MP—CP) 8)
Fe = —4204.68 x MP x CP + 3839.35 x CP x SP 4 25547.16 x MP x CP x SP 9)

Al = 6267.99 x MP + 5701.91 x CP + 8303.53 x SP—5348.28 x MP x CP—3226.64 x MP x SP
+4594.96 x CP x SP + 12134.70 x CP x SP x (CP—SP)
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In(Zn) = 4.80 x MP + 4.21 x CP + 4.54 x SP—5.25 x MP x SP-3.49 x CP x SP
+32.57 x MP x CP x SP + 6.66 x MP x SP x (MP—SP) + 5.51 x CP x SP x (CP-SP)

Cu =413.59 x MP + 358.30 x SP—762.34 x MP x CP—1446.75 x MP x SP—803.36 x CP x SP
+5204.40 x MP x CP x SP + 1390.86 x MP x SP x (MP—SP) + 918.31 x CP x SP x (CP—SP)

S = 1144.74 x MP + 1999.93 x CP + 1918.82 x SP + 1279.92 x MP x SP + 915.43 x CP x SP
—3951.81 x MP x CP x (MP—CP)—1899.83 x MP x SP x (MP-SP)

Nickel and cobalt were best predicted by the quadratic ~ (Eq. 15), respectively. Figure 2 a and b show the response

model (Eq. 14) and the special cubic regression model  surfaces of Ni and Co over the design space, respectively.

Mg

m

A

1.000

A(1.000

(h)

Fig. 1 Cubic response surfaces for Ca, K, Mg, Na, Fe, Al, Zn, Cu, and S
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Table 3 Models’ coefficients of determination
Ca K Mg Na Fe Al Zn Co Mn Cu Ni Pb S

Model P value <0.0001 <0.0001 <0.0001 <0.0001 0.0015 <0.0001 <0.0001 0.0007 <0.0001 <0.0001 0.0002 <0.0001 <0.0001

R? 0.84 1.00 0.84 0.65 0.48 0.79 0.66 0.42 0.81 0.82 0.43 0.42 0.81

Adj R? 0.80 0.99 0.80 0.56 0.36 0.74 0.58 0.34 0.81 0.78 0.36 0.39 0.77

Pred R? 0.76 0.99 0.76 0.49 0.22 0.69 0.51 0.22 0.80 0.72 0.28 0.32 0.72

Adeq precision 16.04 140.81 14.91 8.63 6.63 12.60 8.87 6.83 30.30 14.61 8.61 12.64 13.18

Ni = 2.65 x CP 4 4.66 x SP—10.87 x MP x SP (14)  or inhibitory to methane production like the chemical form of
the element, pH, and redox potential (Chen et al. 2008), apart

Co=1.07 x CP + 1.53 x SP—29.20 x MP x CP p . P ( ). ap
from the total concentration.

x SP (15)

Manganese and lead were best predicted by linear regres-
sion models in Egs. 16 and 17 with their visual illustrations in
Fig. 2 c and d, respectively. It should be noted that terms that
were significant but with confidence intervals spanning from
negative to positive were omitted from the models. This is
because their coefficients could probably be zero indicating
that such a term may not have a statistically significant effect
on the response. From Figs. | and 2, we can infer that as one
moves away from any apex of the design space that represents
a pure substrate, the response surface changes in color, signi-
fying change in concentration of any nutrient at hand.
Therefore, the changes in color of the response surfaces over
the design space demonstrate the effect of mixing the three
substrates on nutrient concentrations. This suggests that these
models can be used to formulate substrate ratios with the rec-
ommended nutrient concentrations critical for methane pro-
duction before anaerobic digestion. Therefore, researchers
have developed databases for a number of the common sub-
strates used as a basis of reference in biogas production in
terms of their biomethane potential (Gunaseelan 1997).
Efforts to develop a database of nutrient composition of com-
mon substrate mixtures stimulatory to methane yield would be
necessary for biogas operators. It is also important to note that
there are other factors that would render nutrients stimulatory

Ni
Co

(b) *©
Fig. 2 Response surfaces for Ni, Co, Mn, and Pb
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Mn

Mn = 144.52 x CP 4 499.24 x SP
Pb = 16.54 x MP + 9.38 x CP + 13.48 x SP

Mixture Optimization

Table 4 shows the optimization solutions with their desirabil-
ity ranging from 0.928 as the global optimal to 0.686 for the
local optimal solution. The six solutions that were predicted
suggest that irrespective of which substrate material is more or
less than the others among the three (MP, CP, and SP), it will
always be possible to obtain an optimal ratio with the recom-
mended nutrient concentrations that favor methane produc-
tion. It should be noted that during optimization, Fe, Al, Pb,
S, and Zn were not included. This is because Fe and Al con-
centrations were far above the recommended limits while Pb
and S concentrations were within the limits for all ratios in the
design, as shown in Table 2. However, the researchers could
not find conclusive recommendations for Zn concentration
needed for the methane yield. Figure 3 shows the regions on
the design space where the optimal ratios having the recom-
mended nutrient concentrations for methane production lay.
The global optimal ratio can be seen to be 0.611:0.375:0.015
with a prediction (desirability) of 0.928. This is important
because it can be used to test other substrates without

Pb

(d)
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Table 4  Optimization solutions
No.  Optimum ratios Mineral concentrations (mg/kg DM)
MP CP SP Ca K Mg Na Co Mn Cu Ni Desirability

1 0.611 0375  0.015  5611.716  3255.602  283.130  349.997  0.001 56.688 63480 0941 0928

2 0.608 0392  0.000  5743.556  3249.852  285.686  350.000  0.077 51.882 42.016  1.007  0.879

3 0.535  0.099 0366  2192.100  2484.432 192497  665.126  0.198 192710  124.797  0.050  0.758

4 0.199 0364 0437 1672.061 1837.305 147418  702.315  0.001  269.280 65.001 1.674  0.687

5 0.192 0385 0423 1626.134  1791.775 144242 704.881  0.001  265.244 68.556  1.707  0.687

6 0.134 0480  0.386 1287.844  1409.914 114225  615.126  0.198  260.819 65.001  2.025  0.686

navigating the whole design space. Similarly, Fig. 4 shows the
desirability response surface with the red color indicating the
most desirable peak (0.93) over the design space.

Biomethane Potential

6 show cumulative specific methane yield from the tested
substrate mixtures. It is generally shown that ratios of 0:1:1,
1:0:1, 2:0:1, 2:1:0, 1:1:1, and 1:1:4 plotted in Fig. 5

A: MP

Desirability

NB: X1 = MP; X2 = CP and X3= SP

Fig. 3 Contour plots over the design space showing regions of optimal
ratios. NB: X1 = MP; X2 = CP, and X3 = SP

approximately lie in the optimized region shown in Fig. 3.
These ratios also approximate the optimized ratios presented
in Table 4. These ratios produced the highest specific methane
yield of 0.3 Nm>CHy/kg VS and above. Their cumulative
methane curves approximate to smooth curves which are ex-
pected in biomethane trial experiments. The generation of
smooth cumulative methane curves implies that there was no
process inhibition. On the contrary, cumulative methane
curves in Fig. 6 exhibited anaerobic digestion process inhibi-
tion given that they are not smooth curves. It must be noted
that most ratios in Fig. 6 do not lie in the optimal region. The
difference between Figs. 5 and 6 can partly be attributed to the
balanced nutrient composition in the substrate ratios plotted in
Fig. 5, keeping other factors constant. This is an indication of

Desirability

B (1)

Fig. 4 Desirability response surface over the design space showing
regions of optimal ratios
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NB: INO represents inoculum

Fig. 5 Plot of normalized cumulative specific methane yield from the
tested MP:CP:SP ratios that generated smooth curves. NB: INO
represents inoculum

how important every fraction of any given substrate in a mix-
ture is. These results also agree with the findings of Kim et al.
(2017). Therefore, based on nutrient levels of substrate mix-
tures, the methane yield can be maximized. In addition, there
are other factors like substrate origin and season, among
others that were not part of the study, can influence nutrient
levels and methane yield.

Conclusion

Results have demonstrated that the effect of mixing different
substrates on nutrient concentrations does not follow a single
trend. It follows cubic, special cubic, quadratic, and linear
relationships for the different nutrients studied. Optimal ratios
with the recommended concentration limits for methane pro-
duction are not spread over the design space but localized.
Biomethane potential results agreed with the optimized ratios
as the highest specific volume of methane was attained from
ratios that lay in the optimized region of the design space.
Thus, charts showing regions of optimum nutrients of the
common substrate mixtures would be a useful tool for biogas
digester operators.

e [NO s 0:0: ] e 0:1: 2 e 0:2: ] e 0:1:0 = 1:0:2
1:1:0 1:2:0 1:4:1 4:1:1 1:0:0

0.45 -

0.40 -

0.35 4

0.30 4
0.25 4

yard
0.20 - y
0.15 - ’—QZ’ —
0.10 - -
o /

0.05 4 =
>
000 ==~ —T T T rrr T T
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Time (days)

Normalised Cumulative Specific
Methane Yield (Nm3CH,/kg VS)

Fig. 6 Plot of cumulative specific methane yield from the tested
MP:CP:SP ratios that failed to generate smooth curves
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