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Abstract

Cyanide is a well-known constituent of mine wastewater which can be degraded by various process. However, due to cost
and environmental challenges, microbial degradation seems to be the most effective process. When wastewater is treated with
microorganisms, process performance should not only be based on toxicant degraded but also on the impact of the toxicant
on the physical properties of the microorganisms. Heat capacity of lyophilised biomass of Fusarium oxysporum was measured
using modulated differential scanning calorimeter. The heat capacity for F. oxysporum grown in cyanidation wastewater was
1.1982, 1.077 and 1.143 J K-1 g-1 on glucose (GA), Beta vulgaris (BA) and cyanide supplemented with Beta vulgaris (BCN),
respectively at 298.15 K and 1 atm. The enthalpy of formation of dry biomass are -297.58, -233.07 and -278.60 kJ/C-mol for
BA, BCN and GA, respectively. These values were found to be within the range of some biological molecules. The presence of

cyanide in the wastewater minimally affected the thermodynamic property of the dried biomass of F. oxysporum.

1 Introduction

There are several reports on microbial treatment of cyanidation wastewater with successful operational effi-
ciency [1-4]. The impact of various factors such as temperature, pH, substrate and bioreactor configuration
on the performance of organisms in cyanidation wastewater have been reported [5-7]. In addition, thermody-
namic tools have been used to validate the microbial performance and the cyanide degraded [8-10]. However,
the uptake of the microbial remediation by the industry have not been inspiring even though Homestake
and LaRonde gold mine in Canada, including Gold Fields Limited have demonstrated the robustness and
feasibility of the biological process [11-13]. Analysis of process performance should not only be based on mi-
crobial growth and toxicant degraded but also on the impact of the toxicant on the physical properties of the
organism. This will provide further insight on the capability of the organism to manage their environment
under stress.

Thermodynamic properties of a material are an essential tool for predicting the feasibility of any chemical
and biological reaction including processes such as the microbial growth process and the biomass conversion
of nutrient media to useful products. Among these thermodynamic properties, heat capacity of biological
molecules such as starch, glucose, proteins and amino acids reportedly measured based on rudimentary heat
capacity quantifications can be used to estimate entropy increments and/or changes at low temperatures (0 to
298.15 K); however, there is high uncertainty associated with this estimate [14]. Recently, some researchers
have reported on the use of an adiabatic calorimeter for measuring heat capacity of biological materials
at low temperature; based on the application of the third law of thermodynamics, for which incremental
entropy and/or absolute entropy can be estimated [15, 16]. Nevertheless, the results were determined to be
unreproducible because there was no reference material used and that each researcher had to fabricate their



own calorimeter. This maybe the reason for Pyda’s [15] preference for Differential Scanning Calorimeter
(DSC) measurements over adiabatic calorimeter measurements. Overall, there is only one report on heat
capacity of microbial dried biomass thus far [17] which reported on the use of an adiabatic calorimeter for
quantifying the heat capacity of lyophilised cells of Saccharomyces cerevisiae, subsequent to the estimation
of entropy changes as a function of temperature based on the third law of thermodynamics.

From the second law of thermodynamics, the heat capacity of any material can be estimated/quantified
using heat flow curves obtained from DSC generated profiles of the sample being studied. A DSC provides
a more reliable, accurate and reproducible results because it is calibrated with a standard reference and/or
material such as sapphire, which is used to ascertain and /or detect any error with the equipment, a parametric
requirement not available with an adiabatic calorimeter. Nevertheless, it is often difficult to interpret the heat
flow data from DSC experiments when multiple processes are involved, resulting in overlapping transitions.
Besides, the heat capacity of a material cannot be determined directly from DSC data, it requires multiple
experiments including data interpretation to ascertain or determine the heat capacity [18-21].

Furthermore, a modulated DSC (MDSC™) overcomes these drawbacks and thus provide an insight into
the thermal properties of materials being studied. MDSC™ uses a modulated temperature input signal to
provide information on the heat capacity, both under isothermal and non-isothermal conditions. Further
details on theory, principles, application and instrumentation requirements of the MDSC™ can be found in
Vendonck [18] and Knopp [22].

Cells are known to be insoluble and using lyophilised cells, an approximate entropy per unit mass can be
obtained if cellular integrity is not annihilated by lyophilisation [23]|. Battley [24] in his report hypothesized
that the constituent materials of formation do not affect the molecular weight and subsequently thermo-
dynamic properties of lyophilised cell but Duboc et al [25] and Akinpelu et al [26] have proven otherwise
with their report on several yeast, bacteria, algae and filamentous fungi. And this agrees with the basic
concept that the specific heat is a function of the property of the substance. Therefore, the objective of this
study was to determine the impact of different substrates (glucose, Beta vulgaris and cyanide) on the heat
capacity of lyophilised biomass of Fusarium ozysporum in cyanidation wastewater using a modulated DSC
(MDSCT™).

2. Materials and methods
2.1 Sample preparation

Carbon sources; glucose (GA), Beta vulgaris (BA), and Beta vulgaris with cyanide (BCN) were used for the
cultivation of Fusarium oxysporum in gold mine wastewater as shown in [26]. Briefly, Fusarium oxysporum
was grown in a 1 litre continuously stirred tank reactor (CSTR) containing metal-laden synthetic gold mine
wastewater at 254+2°C. The wastewater contains (per litre): 47 mg CuSO45H20, 42 mg Fey(SO4)3 H20, 278
mg (NHy)2S0y4, 27mg KHyPOy4, 3mg ZnS0O47H50, 0.9 mg PbBra, and 40 mg NagHAsO4 7TH2O. The reactor
was inoculated with 10% (v/v) F. ozysporum and 0.3 g glucose as refined carbon source. Subsequently,
experiments on 0.3 g pulverised B. vulgaris followed by 0.3 g pulverised B. vulgaris with 100 ppm CN~/L in
form of KCN. Biomass was harvested once the carbon source was used up and/or when the microbial growth
reached stationary phase. The harvested biomass was centrifuge at 4°C for 10 min at a speed of 10,000rpm in
an Avanti®) J-E centrifuge (Beckman Coulter, Inc. USA). Recovered biomass were washed thrice in sterile
distilled water, dried in a Duran@®) vacuum desiccator (DURAN Group GmbH, Germany), and stored at -20
°C for further analyses.

Sample dried biomass was dissolved in sterile distilled water in a 1:1, weight: volume ratio and incubated at
298.15 K for 16 h to ferment any residual carbohydrates. The Durham tube method was used to test for any
residual carbohydrates in the suspension [24]. The procedures were repeated until an appropriate quantity
of dry biomass was obtained. The elemental analysis of the samples was determined by a Thermo Flash EA
1112 series analyser in a Helium carrier gas (Thermo Fisher Scientific Inc. Waltham, USA) subsequent to
estimation of molar mass of dried biomass containing a unit carbon as 23.03, 33.14 and 27.06 g/C-mol for
GA, BA and BCN samples, respectively. The detailed elemental analysis of the samples are presented in [26].



2.2 Combustion calorimetry

The heat of combustion of the samples was determined in an e2k Bomb calorimeter (Digital Data Systems Pty
Ltd, South Africa) in triplicates as described in [26]. Briefly, a pre-cut firing cotton (Part No. CAL2K-4-FC)
was looped over the firing wire (Part No. CAL2K-4-FW) and twisted at the ends. A crucible containing 0.30
g of dried biomass was inserted into the outside electrode’s crucible holder, with the firing cotton touching
the sample. The electrode assembly was loaded into the vessel body and filled with 3000 kPa oxygen. The
vessel was removed from the filling station and allowed to stabilize for 1 min prior to insertion into the
calorimeter. The analytical grade Benzoic acid (Part No. CAL2K-BA) was used for calorimeter calibration.

2.8 Modulated differential scanning calorimeter (MDSC)

The MDSCT™ uses both the linear heating rate as well as a modulated (sinusoidal) heating rate to determine
the total heat flow rate, see Eq. 1. The linear heating rate provides information on the total heat rate while
the sinusoidal heating rate provides the heat capacity information from a fraction of the heat flow [27].

d
d—? =CpB+f(T, t) (1)

Where (57? is the total heat flow due to the linear heating rate (equivalent of standard DSC), Cp is the heat
capacity component calculated from the heat flow due to the sinusoidal heating rate, 3 is the linear heating
rate of the sample,Cp [ is the reversing heat flow while f(7T', ¢) is the kinetic component of total heat flow
known as the non-reversing heat flow which can be calculated from the difference between the reversing heat

flow and total heat signal component.

In this study, a Discovery DSC® (TA Instruments, Inc. New Castle, DE, USA) equipped with a modulated
Differential Scanning Calorimeter (MDSC™) software using a Liquid Nitrogen Cooling Accessory (LNCA)
at atmospheric pressure was used for all measurements. Helium gas at a flow rate of 50 mL/min was purged
through the MDSC™. The MDSC™ equilibrated at a temperature of -150 @C and measurements were
performed at an underlying heating rate of 3 K/min up to a temperature of 100 @C; amplitude of modulation
1 K and period of 60 s for the sample mass of 2 mg — dry biomass weight. Temperature and heat capacity
calibrations were performed with a MDSC™ certified Indium reference material (Part No. 915061.901)
and a sapphire for the specific heat capacity determinations (Part No. 9703790.901), respectively at similar
operating conditions as used for the samples. The data were analysed using a TRIOS software v4.1.1.33073
(TA Instruments Inc. USA). All procedures were done in triplicate. All dataset are openly available in [28].

3. Results and discussion
3.1 Phase transition

MDSC™ allows for separation and evaluation of thermodynamic and kinetic processes within the regions
of glass and melting transitions as shown in equation (1). Endothermic or exothermic enthalpy relaxation
may occur within the glass transition range owing to changes in the temperature of the sample. There was
no glass transition (T, ) on total heat flow and non-reversible heat flow profiles except on reversible heat
flow profiles for all biomass samples tested. There was glass transition (T ) at a temperature of 239 K and
the enthalpy change of 12.586 J/g with an endothermic peak temperature of 292.333 K for BA sample, and
aTy of 211 K, an enthalpy change of 22.096 J/g at an endothermic peak temperature of 287 K for BCN
samples on the reversible heat flow profiles which was an indication of a structural transformation of the
samples studied, i.e. BA and BCN samples; that is reversible with any temperature changes [29, 30]. The
lower Ty for BCN samples is an indication of a rapid breakdown of aromatic constituents in Beta vulgaris
supplemented biomass owning to the residual free cyanide within the synthetic wastewater used, thereby
enhancing microbial growth during the free cyanide biodegradation process. In addition, melting transition
(T,, ) was observed on the reversing heat flow profiles for all samples studied — see Table 1.



Table 1: Effect of melting temperature on the samples



Samples T,, (onset) (K) T, (peak) (K) H (J/g)

GA 218.7241.05 277.113£0.9 17.476+£1.01
BA 212.311+£1.02 292.333+1.01 12.586+0.8
BCN 127.341+1.04 287.729+£1.03 22.096+1.05

Microbial degradation is directly affected by T, , i.e. the lower the T, , the higher the biodegradation
of a toxicant such as free cyanide [31-33]. Beta vulgaris consist of 9.56 % carbohydrates, with betalains,
phenolic compounds, including trace elements and minerals accounting for a larger percentage [34, 35]. The
presence of betalains and phenolic compounds influence the microbial growth in BA samples since they
degrade under different bioreactor operating conditions [36] from that of free cyanide, resulting in a slightly
higher molecular weight of the F. oxysporum and thus, a higher T, for BA samples. Similarly, interactions
of molecular chains affect the change of enthalpy (H) in melting with the internal energy accounting for
the flexibility or otherwise of the samples studied, thus affecting the change of entropy (5) in melting [37].
The highest H in melting for BCN samples was an indication of highest molecular interactions during free
cyanide biodegradation.

Tan et al. [30] reported glass transition on reversible heat flow profile of MDSCT™ after the onset temperature
which overlapped with the peak temperature. It was presumed that this was due to changes in the state
of the starch molecules i.e. from being highly confined within the granular packing, to being disentangled
as the order in which the molecules are arranged changed as the transition occurred. Glass transition could
also be due to structural transitions of cellular materials at temperatures below freezing point of pure water
including the influence of the underlying heating rate, modulation period and amplitude [17, 27]. There
was no glass transition onF. oxysporum grown on glucose i.e. GA, this is similar to the previous report on
the heat capacity of starch and glucose [14, 16]. It was evident that the substrate from which the biomass
materials were formed, played a major role in the phase transition as can be seen that only cultures grown
on Beta vulgaris (BA and BCN), had a glass transition.

3.2 Heat capacity

Heat capacity measurements were obtained from 130 to 305 K. The experimental result of the specific heat
capacity of Sapphire indicated a general deviation within +2 percent of standard value as shown in Table 2.

Table 2: Comparison of standard and experimental heat capacity of Sapphire

Temperature (K) Literature value (JK~'g~') [38] Experimental value (JK~'g~') Deviation (%)

130 0.2349 0.2305+0.02 -1.873
140 0.2739 0.2685+0.01 -1.971
150 0.3134 0.3142+0.04 +0.255
160 0.3526 0.3530+0.05 +0.113
170 0.3913 0.3909+0.02 -0.102
180 0.4291 0.4218+0.03 -1.701
190 0.4659 0.4662+0.01 +0.064
200 0.5014 0.4999+0.01 -0.299
220 0.5684 0.5679+0.05 -0.088
230 0.5996 0.6001+0.04 +0.083
250 0.6579 0.6505+0.04 -1.125
270 0.7103 0.7120+0.02 +0.239
273.15 0.7180 0.7167+0.03 -0.181
280 0.7343 0.7353+0.02 +0.136
290 0.7572 0.7561+£0.01 -0.145
300 0.7788 0.7775+£0.03 -0.167




An indication that the experimental procedure and results are reliable. The experimental specific heat
capacity of lyophilised cells of F. ozxysporum samples in the temperature range of 130 to 305 K are presented
in Fig. 1.
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Figure 1 . Heat capacity of samples as a function of temperature

Although there are no general statements on heat capacity changes, the heat capacity of the samples increased
steadily with rise in temperature. The heat capacity shows a linear relationship with temperature over the
range of (190 to 300) K as shown in equations (2), (3) and (4), respectively.

BA: C,(J. K7'g7") = 0.242240.0028 T (K) (2)
BCN: Cp(J. K7'g71) =0.1889+0.0032 T' (K) (3)
GA: Cp(J. K7'g7) =0.1845+0.0034 T (K) (4)

The heat capacity of GA samples was shown to be the highest. The low heat capacity observed for BCN
samples maybe due to the stress imposed by the free cyanide during microbial proliferation which in turn
could affect the biomass structural integrity compared to GA samples. Furthermore, BA samples recorded
the lowest heat capacity when compared with all other samples studied. This was expected since Beta
vulgaris contains approximately 9.56 % carbohydrate that served as an energy and/or carbon source for
the F. ozysporum used [34, 35]. The higher values of heat capacity in BCN samples when compared to
BA samples, could be directly related to the microorganism’s ability to utilise cyanide as a carbon source
to supplement carbohydrates in B. vulgaris agro-industrial waste. Since there is no other reports on heat
capacities of microbial dried biomass in literature particularly for fungi, comparing the heat capacity of
Fusarium oxzysporum with Saccharomyces cerevisiae showed that from the results obtained, GA samples
were comparatively similar to those reported by Battley [17].

Table 3 compares the values of specific heat capacities of starch and/or glucose samples reported by previous
authors. At temperature range of (200 to 300) K, our result is closer to the Boerio-Goates report [14]
especially GA sample. All the specific heat capacity reported by [17] were higher than our findings while [16]
is lower than our reports for BCN and GA samples. Generally, our report can be seen within the reported
heat capacity for starch in literature.

Table 3: Comparison of specific heat capacities (J K~1g~!) for organic samples



Temp BA BCN GA Starch ~ Yeast  Glucose Starch

(K) This study ~ This study  This study  [16] [17] [14] [15]

200 0.8022+0.04 0.8289+0.02 0.8645£0.05 0.7332 0.9040 0.8230 0.7658
250 0.94224+0.06 0.9889+0.03 1.0345+0.04 0.9352 1.1070 1.0162 0.9513
298.156 1.077£0.02 1.1430+£0.05 1.1982+0.03 1.1417 1.2990 1.2099 1.1523
300 1.0822+£0.03 1.1489+0.06 1.2045+0.04 1.1500 1.3080 1.2171 1.1601

Although, previous study on propagation of Fusarium oxysporumshowed preference for Beta vulgaris with
substantial free cyanide biodegradation including diauxic growth [1]. Battley [17] acknowledged that the
results are not reproducible, due to the use of an adiabatic calorimeter. However, the results reported
herein; i.e. from a MDSC™ are generally deemed reliable thus reproducible. Albeit, if sufficient quantities
of B .vulgaris and/or further pre-treatment of agro-industrial waste besides pulverising were used, better
biodegradation and substrate utilisation performance could have been observed, as this influenced the in-
tegrity and the quality of the biomass being generated thus bioreactor performance. As such, it is feasible
to suggest that a highly stressful environment culminates in poorly structured cells, which can impede the
ability of such cells to detoxify a highly contaminated environment.

3.2 Elemental and combustion analysis

The elemental analysis of the dried biomass samples in percentages ofC , H , N , and O were determined
to give an empirical formula representing the energy constituent of the biomass. Phosphorus and sulphur
are not normally included because they do not play any important role in the material balance of cellular
reactions and their oxides are part of the ash formed on combustion, thus they are ignored in empirical
formulation [17]. The empirical formula of the biomass containing a unit carbon for BA, BCN and GA
samples areCH2,377N0,09101,093, C'.Z;.rl.82_]\/v()'o2700_8047 andCH1_167N0,06700,558 5 with molecular Welght of
33.14, 27.06 and 23.03 g/C-mol, respectively [26] which aligns with the previous report for dry biomass|24,
25]. The enthalpy of combustion(Hg) of dry biomass in bomb calorimeter is presented in Table 4 based on
the reactions (5), (6) and (7) below:

BA : CHaz.377No.09101.003 (cell) + 1.04804(4) — COgyy + 1.189H30 ;) + 0.046 Ny (4 (5)
BCN : CHy.82N0.02700.804 (cell) 4 1.05304(4) — COqgy 4 0.91H20(;y 4 0.0135N5(4) (6)
GA: CHi.167No.06700.558 (cell) +1.012705(4) — COqy) + 0.5835H20 ;) + 0.0335N5(4)(7)
Table 4: Enthalpy of combustion and formation of dry biomass at 298.15 K and 1 atm.

Microorganisms Elemental formula HA(2) H #( ol Reference
BA CH2.377N0.09101‘093 -435.78+1.04 -297.58+1.01 This study
BCN CH1_82N0.02700,804 -420.54+1.76 -233.0740.98 This study
GA OH1.167N0_06700_558 -281.694+0.47 -278.604+1.02 This study
A. m'ger OH1.5N0_1200_53 -418.7 [25]

Rocan I CH1.4N0_0400_5 -473.3 [25]

B. ﬂavum CH1.8N0‘1900.33 -491.7 [25]

S. cerevisiae CH1.613N0.15800,557 -509.37 -133.13 [24]

The enthalpy of combustion of the samples agree with the previous reports except for the sample GA.
The reason for this deviation is not clear. The enthalpy of formation (H}’) for each sample was calculated
using standard heat of formationH§ (COs(y)) = —393.51 kJ/mol andH?} (H2O()) = —285.83 kJ/mol|24],
according to the reactions (5), (6) and (7).

The accuracy of these values (H{) is a function of the validity of the molecular formula of the carbohy-



drate used to represent the B. vulgaris agro-waste which has a direct influence on the accuracy of the heat
determination. Environmental factors such as temperature, pH, substrate concentration and presence of tox-
ins have been used extensively to elucidate the feasibility of microbial degradation. Estimation of physical
property such as heat capacity and heat of formation will further ascertain the veracity of microorganism in
environmental engineering application.

4. Conclusion

The results presented herein showed that the substrate used for microbial growth can affect the determination
of the heat capacity as well as enthalpy of biological samples. The determination of such heat capacity of
a material as a function of the structure of the material can assist in substrate selection for cyanidation
wastewater treatment. The impairment caused by free cyanide also reflected on the heat capacity and
enthalpy of dry biomass assessed. The toxicity by free cyanide reduces the biomass molecular degree of
freedom hence, the biomass could not store sufficient thermal energy as most energy resources are dedicated
for cellular maintenance. The enthalpy of combustion of dried biomass of F. ozxysporum is within the range
available in literatures. This suggests that the method of biomass preparation and its constituents does not
significantly affect the final enthalpy of biomass formation. Since biomass are not completely crystalline
substance, the enthalpy derived from the calorimetric measurement can be used to further elucidate the
capabilities associated with the novel biocatalyst selection for the bioremediation of cyanidation wastewater.
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