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A B S T R A C T   

The objective of this study was to develop functional date-pits by mold digestion for the potential 
use in food products. Whole date-pits (WDP) and defatted date-pits (DDP) were digested by mold 
Trichoderma reesei at 20 ◦C. T. reesei consumed date-pits as nutrients for their growth, and DDP 
showed higher growth of molds as compared to the WDP. The mold digested WDP and DDP 
samples showed an increased water solubility and hygroscopicity as compared to the samples 
prepared by autoclaved. This indicated that the mold digestion transformed date-pits to hydro
philic characteristics. Thermal analysis indicated a structural change at − 3.2 ◦C for the untreated 
WDP and it was followed by a glass transition shift (i.e. onset: 138 ◦C and a specific heat change: 
295 J/kg oC), and an endothermic peak at 196 ◦C with enthalpy of 68 J/g for the solids melting- 
decomposition. Similar characteristics were also observed for treated samples with the two glass 
transitions. The total specific heat changes for WDP, autoclaved-WDP, and digested-WDP were 
observed as 295, 367, and 328 J/kg oC, respectively. The total specific heat changes for DDP, 
autoclaved-DDP, and digested-DDP were observed as 778, 1329, and 1877 J/kg oC, respectively. 
This indicated that mold digestion transformed more amorphous fraction in the DDP. The energy 
absorption intensities of the Fourier Transform Infrared (FTIR) spectra for the selected functional 
groups decreased by the mold digestion.   

1. Introduction 

Date-pits are by-products of date-processing factories and these contain a high amount of indigestible carbohydrates (i.e. fibers). 
The utilization of these by-products could have positively contributed to the circular economy and environmental sustainability. In the 
future, utilization of food waste and conventional inedible components could contribute a role in achieving food security. Many 
research works are now reported in developing food ingredients utilizing conventional inedible parts, such as skin, seeds, and hard 
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leafy parts. However, these ingredients are difficult to add as to their original state because of their effects on the texture and sensory 
perceptions of formulated foods. Therefore, mechanical, chemical and microbial treatments are necessary to apply for making their 
suitability to be used in food products. 

Date-pits need to be pre-treated to break down the lignocellulosic biomass and enhance their functionality for proper utilization 
[1]. Date-pits represent about 10–15% of the total date fruit mass and it depends on the variety [2]. Date-pits are considered as odorless 
with a light to dark brown color. Their taste are bland with little bitterness depending on the varieties [3]. Date processing plants 
usually discard many tons of date-pits that have a high amount of indigestible carbohydrates and these are rich in fibers [4]. Many 
investigations reported the chemical composition of date-pits, which varies depending on the date variety. Hossain et al. [5] reported 
the chemical composition of 23 date-pits varieties. According to their study, carbohydrate content ranged from 70.9 to 86.9 g/100 g, 
oil content varied from 5.0 to 12.5 g/100 g, protein content ranged from 2.3 to 6.9 g/100 g, moisture content varied from 3.1 to 12.5 
g/100 g and ash content ranged from 0.91 to 1.20 g/100 g. Date-pits are also rich sources of some vitamins, phytochemicals and 
minerals. 

Date-pits are now utilized as an alternative feed for animal and in poultry industries [6]. The oil extracted from date-pits can be 
utilized as an edible oil for the production of food products, such as mayonnaise and for cosmetic and pharmaceutical purposes [7]. The 
dietary fiber of date-pits can be used in the production of fiber-based products including cake, fiber supplements, biscuits and breads. 
Therefore, date-pits fiber is a good substitute of wheat bran [8]. In addition, roasted date-pits can be used to produce a natural 
caffeine-free drink in the Middle Eastern region, which could offer a popular alternative to normal coffee [9]. Several studies on 
date-pits have discussed their biological and pharmacological properties of date-pits. Date-pits extracts exhibited antimicrobial and 
antiviral activities against different types of bacteria [10,11]. The high content of phenolic compounds and this can be used in the 
production of antioxidant supplements [12,13] Date-pits also showed the anti-inflammatory activity [5,14,15], anti-cancer [16], and 
anti-diabetic properties [17]. 

Date-pits are a rich source of dietary fiber [7]. The cellulose, hemicellulose and lignin contents in date-pits are 42.5, 17.5 and 
11.0%, respectively [18]. Plant wastes are difficult to degrade and metabolize due to materials complexity. Negligible works on the 
digestion of date-pits are reported although the degradation of plant waste by microbial digestion is known [19]. There is ongoing 
research interest to investigate different cellulolytic enzyme for bioconversion of lignocellulosic substrates [20]. Cellulolytic organisms 
can break down the lignocellulosic biomass including cellulose, hemicellulose and lignin to produce desired chemicals and it would be 
otherwise difficult to utilize without digestion [21]. Trichoderma reesei is one of the main molds, which is commercially available to 
produce cellulases. This mold has the ability to degrade the cell wall polysaccharides of the plant, such as cellulose, hemicellulose and 
can produce great quantities of cellulolytic enzymes [22]. Alyileili et al. [23] studied the effects of degraded date-pits by Trichoderma 
reesei on the intestinal microbiota and growth performance of broilers. They used 10% degraded date-pits in broilers’ diet and observed 
prebiotic effect by boosting gut health as evidenced from the bacterial population. 

Thermal properties of foods are important to determine their processing conditions as well as stability during storage. Thermal 
analysis is a dynamic technique used to determine the physical state of foods. It is also used to recognize glass transition temperature, 
melting temperature, crystallization temperature, un-freezable water content and maximal-freeze-concentration conditions [24,25]. 
The differential scanning calorimetry (DSC) is a commonly used method for thermal analysis, when any state or phase change during 
heating or cooling can be determined [26]. Al-Mawali et al. [27] studied the thermal characteristic of untreated and alkaline treated 
date-pits powder (Xw: 8.8 g/100 g sample) by DSC. Functional groups and proton mobility of date-pits can be used to determine their 
molecular interactions and structural behavior. Low Field Nuclear Magnetic Resonance (LF-NMR) determines various pools of protons 
in foods like T2b (rigid or strongly bound protons), T21 (semi-rigid or moderately bound protons) and T22 (mobile or weakly bound 
protons) relaxation times [28,29]. Fourier transform infrared (FTIR) spectroscopy is a technique used to determine the behavior of 
functional groups and chemical compositions of a material [30]. 

Most literature focused on the pretreatments of the lignocellulosic biomass using mechanical (i.e., milling and grinding), chemical 
(i.e., alkali and acids), and physical (i.e., thermal, pressure and microwave) treatments. However, limited scientific research and 
literature is available on the microbial digestion of date-pits. The main objective of this study was to determine the effect of T. reesei on 
whole and defatted date-pits at high moisture digestion. In this study, whole and defatted date-pits were used since oil can affect the 
growth of molds. The physico-chemical, thermal (i.e. Differential Scanning Calorimetry, DSC) and molecular properties were 
measured to determine proton mobility (i.e. LF-NMR) and functional groups (Fourier Transform Infrared, FTIR). Mold digestion could 
produce modified date-pits fibers with improved functionality in relation to high amorphous fractions, and digested fractions could be 
suitable to be used in foods and fillers in bio-composite. 

2. Materials and methods 

2.1. Preparation of whole and defatted date-pits powder 

Khalas varieties of date-pits were obtained from Nizwa Dates Factory, Oman. Date-pits were soaked in water for 2 h and these were 
washed with tap water to remove any adhering date flesh. These were then dried in a hot air drying oven (Gallenkamp, UK; model: 300 
plus series) at 60 ◦C for 72 h. After drying, date-pits were cooled to 20 ◦C and ground into powder by a hammer mill (Model NO: 
Comotec 1090, Foss, Hoganas, Sweden). Particle size analysis was performed by passing the powder through 1–2 mm screens and 
stored in a bottle at 20 ◦C until used for analysis. Powdered date-pits were treated with petroleum ether to remove oil (CAS number: 
8032-32-4) using a soxhlet apparatus. The ratio of date-pits and petroleum was at 2:10 (g:ml), and 8 h extraction time was used. The 
defatted date-pits were dried in an oven at 60 ◦C for 18 h and then stored in a bottle at 20 ◦C. 
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2.2. Preparation of Trichoderma reesei spore suspension 

T. reesei spore suspension was prepared using the method of Chaiwut et al. [31]. T. reesei (ATCC 26921) was purchased from the 
American Type Culture Collection as a freeze-dried culture in an ampoule. The ampoule was opened and dried culture was rehydrated 
following the methods as described by the manufacturer (i.e. 1.0 ml of sterile distilled water was added to the pellet and it was then 
stirred to form suspension). A subsample was transferred from the rehydrated T. reesei culture using a sterile loop to Potato Dextrose 
Agar (PDA) (CAS number 9002-18-0492-62-6) plates, which were prepared as guided by the manufacturer (Oxoid, UK). After inoc
ulation, the PDA plates were incubated (Gallenkamp, UK) at 25 ◦C for 7 days. It was then transformed to yellow-green pigmented 
visible colonies. The culture of T. reesei was maintained on PDA agar slants. T. reesei spore suspension was prepared by transferring the 
colonies of T. reesei into 50 ml of sterile distilled water using a sterile loop. It was then mixed vigorously using a vortex (Scilogex, MX-S, 
Rocky Hill, US). The initial concentration of spores was adjusted using a hemocytometer to 5 × 106 spore/ml. 

2.3. Microbiological digestion of date-pits using T. Reesi 

The WDP and DDP were prepared by adding 10% of whole date-pits into 90 ml of distilled water in glass bottles (untreated sample, 
UNT). The controls were then sterilized in an autoclave (TOMY, SX-500E, HANYO) at 121 ◦C for 15 min (autoclaved sample, AUT). 
Following sterilization, the controls were incubated (Gallenkamp, UK) at 25 ◦C with shaking at 160 rpm for 2 months in the case of 
whole date-pits samples and 4 months in case of defatted date-pits. Two batches of samples (i.e. WDP and DDP) were prepared the 
same way as control. After sterilization, 2% of T. reesei spore suspension was added to the whole and defatted date-pits samples. The 
samples were incubated in a shaker similarly to the control (digested sample, DNR). 

2.4. Growth of Trichoderma reesei by visible count 

The count of T. reesei colonies was performed every week using spread plate method and PDA medium as described by Hassan et al. 
[32]. In order to count the T. reesei colonies, serial dilutions were prepared to dilute the samples. For the first dilution, a sterile pipette 
was used to transfer 1 ml of the sample to a tube holding 9 ml of Maximum Recovery Diluent (MRD) (CB number CB7355314) (Oxoid, 
UK). Then, the content of the tube was mixed using a vortex (SCILOGEX, MX-S). After mixing, 0.1 ml was transferred to PDA dishes and 
spread using a sterile spreader. For second dilution, 1 ml was transferred from the first tube to a second tube containing 9 ml of MRD 
and this process was repeated until all dilutions (10− 1 to 10 − 7) were prepared. The PDA dishes were kept in the incubator (Gallen
kamp, UK) at 25 ◦C for two days. Three plates were prepared from each dilution. The colonies were counted by a colony counter and 
the population number of T. reesei was determined using the following Equation (1): 

Number of Mold =
Average number of colonies on plate × Dilution showing growth

Volume of sample
(1)  

2.5. Microscopic examination 

The growth of T. reesei was examined using a method described by Carpa et al. (2014). A drop of each sample (i.e. digested whole 
and defatted date-pits samples) was added on a clean slide using a sterile loop. Then, a drop of lactophenol cotton blue dye (CAS 
number 56-81-5) was mixed with the drop of sample to visualize the growth of molds. The slides were finally fixed under the mi
croscope to observe the growth of T. reesei using different magnifications and to compare the differences between the controls and 
samples. 

2.6. Drying process and moisture content 

The treated date-pits samples and controls were placed in glass dishes and dried using hot air drying in an oven (Binder, USA) at 
65 ◦C for 48 h. Initial moisture content was determined gravimetrically using the standard method of the Association of Official 
Analytical Chemists [33]. After drying, samples were equilibrated at relative humidity of 11.1% (i.e. water activity of 0.111). In order 
to measure moisture content of the sample, about 0.5 g of each sample was weighed in a dried pre-weighed aluminum dish in duplicate 
and dried in a hot air oven (Gallenkamp, England) at 105 ◦C for 18 h and the initial and final mass of the sample were used to measure 
moisture content. 

2.7. Water absorption and water solubility 

Water absorption and solubility were determined by centrifugation as described by Cadavid et al. [34]. Sample (0.5 g) was weighed 
in a centrifuge tube and soaked in 5 ml of distilled water for 30 min at room temperature. After soaking, samples were centrifuged at 
4000 rpm for 10 min using a centrifuge machine (Harrier 18/80, CA, UK). The supernatant was separated by draining liquid in a 
pre-weighed beaker and initial weight was recorded. The initial weight of pellet was taken by weighing pellet in a pre-weighed 
centrifuge tube and then removed in a pre-weighed beaker. The supernatant and pellet were dried in a hot air oven (Gallenkamp, 
England) at 105 ◦C for 18 h and final weights were taken. The water absorption (Equation (2)) and water solubility (Equation (3)) were 
calculated from the following equations: 
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Water absorption=
Final weight of pellet − Initial weight of pellet

Initial weight of pellet
(2)  

Solubility=
Final mass of dry matter

Initial total mass of supernatant
(3)  

2.8. Hygroscopicity 

Hygroscopicity was measured by equilibrating the WDP and DDP samples in a controlled humidity chamber (Model 240, Binder, 
NY, USA) as described by Al-Khalili et al. [35]. Each ample (0.2 g) was weighed in an aluminum dish in triplicate and placed in a 
humidity chamber at 30 ◦C and 90% relative humidity. The samples were equilibrated for 2.5 h and hygroscopicity was determined 
form the moisture content. 

2.9. Low Field Nuclear Magnetic Resonance (LF-NMR) 

Proton mobility of whole and defatted date-pits was determined using the protocol as described by Al-Habsi et al. [28]. A Bruker 
Minispec MQ20 NMR analyzer (20 MHz, Karlsruhe, Germany) was used. The spin-spin relaxation time T2 of proton was measured with 
Carr-Purcell-Meiboom-Gill pulse sequence. The NMR signal was set at 90◦ pulse followed by a train of 180◦ pulses and the pulse 
separating was set to 0.04 ms. The recorded free induction decay (FID) signal was analyzed using tri-exponential function as (Equation 
(4)): 

S2

S2,0
= I2b exp

(

−
t

T2b

)

+ I21 exp
(

−
t

T21

)

+ I22 exp
(

−
t

T22

)

(4)  

where S2,0 and S2 are the intensities at zero and any time, respectively for T2 relaxation, I2b, I21, and I22 are the first, second, and third 
linear regions of T2 relaxation curve (i.e., pre-exponential factors) and T2b, T21, and T22 are the relaxation times for rigid, semi-rigid, 
and mobile pools of protons, respectively. The number of segments were determined by the graphical method. In this method, numbers 
of linear portions of the plot ln (S2/S2,0) versus time were used rather than presuming segmentations. The intensities and relaxation 
times of rigid, semi-rigid, and mobile pools of protons were determined from the slopes and intercepts of these three linear segments. 
Six replicates were used for each sample. Three standards provided by the manufacturer with different concentrations were used to 
calibrate the LF-NMR. The ground date-pits samples were packed into a 10-mm NMR tube up to 3 cm height. First, the gain, number of 
scans, and duration of the relaxation were optimized. The scan number was used as 32 and the gain was ranged from 70 to 76 in order 
to maintain the initial intensity of around 80% in all samples. 

2.10. Differential scanning calorimetry (DSC) 

Thermal properties including structural relaxation, glass transitions, solids melting-decomposition were measured by a differential 
scanning calorimetry (DSC Q10, TA Instruments, New Castle, DE, USA). German Society of Thermal Analysis (GEFTA) protocol was 
used for temperature calibration. DSC was calibrated using distilled water (melting point 0 ◦C; ΔHm 334 J/g), and indium (melting 
point 156.5 ◦C; ΔHm 28.5 J/g) for heat flow and temperature. A sample of 3–5 mg was placed in a Tzero hermetic aluminium pan and 
sealed with a lid [27]. Empty sealed pan was used as a reference and nitrogen was used as a carrier gas for the DSC at a flow rate of 50 
ml/min. The aluminium pan with sample was placed on the DSC heating plate, and it was cooled to − 90 ◦C at 5 ◦C/min and it was then 
equilibrated for 3 min. Following equilibration, the sample was scanned from − 90 ◦C to 300 ◦C at a rate of 10 ◦C/min. DSC ther
mogram was analyzed for structural change, glass transition, exothermic increase and solids melting-decomposition peak. The glass 
transition was identified by a vertical shift in the heat flow curve. Solids melting-decomposition was identified by an endothermic peak 
and an exothermic increase was considered as cold crystallization or molecular ordering. Any change in slope was considered as 
structural change in the sample. In the DSC measurement, each sample was replicated three to four times. 

2.11. Fourier Transform Infrared (FTIR) spectroscopy 

Functional groups of whole and defatted date-pits were determined using FTIR Spectrometer (Bruker, Germany) and it was based 
on the method as described by Nabili et al. [36]. A sample (0.02 g) was added to 2 g of potassium bromide (KBr) and mixed together 
using an agate mortar. Then, 0.2 g of the mixture was transferred to a die and the die was then compressed in a hydraulic press (Specac, 
Brilliant Spectroscopy, 15T) by applying a pressure of 10 tons for 7 min. It was then transformed to pellets (discs), which were used in 
determining FTIR spectra. The diameter of the sample was 13 mm. All spectra were obtained from 32 scans at a resolution of 4 cm− 1. 
FTIR spectra were collected in the IR absorbance range from 4000 to 400 cm− 1. FTIR spectrum was calibrated with room air. The 
characteristic peaks of each spectrum at specific locations (i.e. wave number and absorption intensity) was analyzed. The measurement 
was replicated 9 times (i.e. 3 measurements from 3 tablets) and then spectra were averaged. 
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2.12. Statistical analysis 

Values were presented as average and expanded uncertainty at 0.95 confidence. ANOVA and LSD were performed using ezANOVA. 
The linearity of the segments was determined with Microsoft Excel [37]. The value of R2 was used as a goodness-of-fit. Significant 
difference was considered when a p-value was less than 0.05. 

3. Results and DISCUSSION 

3.1. Microbiological digestion and growth of mold in whole and defatted date-pits 

The moisture contents of the whole and defatted date-pits were 2.5 ± 0.3 and 3.3 ± 0.4 g/100 g sample, respectively. Fig. 1 shows 
the growth curve of T. reesei in treated whole (Fig. 1A) and defatted date-pits (Fig. 1B) (i.e. WDP and DDP). It shows four phases (i.e. 
lag, exponential, stationary, and death). In the case of WDP, the lag phase was observed up to 3 days followed by the log phase until 35 
days. The stationary phase ended at 42 days and then started the death phase. The growth curve shows that T. reeesi used date-pits as 
nutrients for their growth. In the case of DDP, the death phase started at 64 days, whereas in whole date-pits it started at 42 days. This 
indicated that defatted date-pits supported better growth of the mold as compared to the whole date-pits (P < 0.01). Similarly, Altieri 
et al. [38] observed that the fatty acids (i.e. lauric, myristic, and palmitic acids) inhibited the growth of Aspergillus spp. and Penicillium 
spp. by prolonging the minimum detection time and the lag time. Likewise, Krisch et al. [39] observed that essential oils and their 
components reduced or stopped the growth of molds. These essential oils also decreased the cell growth in the stationary phase. 
Photographs of the untreated and treated whole-date-pits powder are shown in Fig. 1. The particles of the autoclaved (Fig. 1D) and 
mold digested (Fig. 1E) whole date-pits showed much smaller size as compared to the untreated date-pits (Fig. 1C). In addition, 
digested date-pits (Fig. 1E) shows much darker color as compared to the autoclaved and untreated whole date-pits. This could be due to 
the release of bound lignin within the date-pits matrix. Munoz-Tebar et al. [1] identified that lower particle size of date-pits flour 
showed higher level of polyphenols and antioxidant capacity. Therefore, lower particle size of the digested date-pits could increase 
their functionality. 

3.2. Growth of mold and their Morphology during digestion 

Fig. 2 shows the optical microscopic views of autoclaved and digested whole and defatted date-pits. In the case of autoclaved whole 
date-pits, oil droplets and date-pits solids were observed (Fig. 2A). Fig. 2B shows the presence of spores and hyphae of T. reesei between 
the date-pits particles. This indicated that molds were actively growing and proliferating using the date-pits as a source of their 

Fig. 1. Mold growth as a function of mold digestion time (A: Whole date-pits, WDP), B: Defatted date-pits, DDP), and photographs of the whole 
date-pits (C: untreated, D: autoclaved and E: digested). 
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nutrients. However, oil droplets could not be observed after digestion with mold (Fig. 2B). In addition, the digested powder was more 
sticky (manually evaluated) as compared to the autoclaved date-pits (control). Defatted date-pits showed only water and solids phases 
without oil phase (Fig. 2C). Similar growth of spores and hyphae of T. reesei were observed in the case of digested defatted date-pits 
(Fig. 2D). Alyileili et al. [40] studied the degradation of fresh date-pits by T. reesei considering solid-state degradation (SSD) and 
observed that degraded date-pits improved the antioxidant responses and biochemical parameters of broiler chickens, when treated 
date-pits were added in their feeds. It was observed that degraded date-pits by T. reesei promoted the gut microbiota of broilers. They 
observed a lower total bacterial count as well as a reduced number of Salmonella spp., Campylobacter spp., Shigella spp., and Escherichia 
coli. In addition, degraded date-pits showed prebiotic effect, improved growth performance and similar performance as antibiotics 
used in diet [23]. This could be due to the release of bound bioactive compounds or molds could generate bioactive compounds. 

3.3. Physico-chemical properties of whole date-pits powder 

Moisture content (Xw), solubility, water absorption, and hygroscopicity (HY) of whole and defatted date-pits are presented in 
Table 1. The solubility of untreated WDP was 1.3 g/L, while it shifted to 1.0 g/L in the case of autoclaved treatment (P < 0.05). Cadavid 
et al. [34] found water solubility of asparagus fiber ranged from 1.1 to 1.6 g/L and it was ranged from 0.4 to 0.7 g/L in commercial corn 
flour [40]. This difference could be due to the structural modifications taking place during fibre grinding (i.e. reduced particle size was 
exposed to a larger surface area and surrounded by water [41]. In the case of digested DDP, the solubility was increased to 1.9 g/L as 

Fig. 2. Optical microscopy of autoclaved and digested date-pits with mold, A: Autoclaved whole date-pits (control), B: Digested whole Date-Pits, C: 
Autoclaved defatted date-pits, D: Digested defatted date-pits. 

Table 1 
Solubility, water absorption, and hygroscopicity of whole and defatted date-pits.  

Sample Whole Date-Pits Defatted Date-Pits 

Solubility (g/L) Water Absorption Hygroscopicity Solubility (g/L) Water Absorption Hygroscopicity 

Untreated 1.3a 0.687a 0.111a 1.6a 0.748a 0.097a 
Autoclaved 1.0b 0.672b 0.122b 1.2b 0.689b 0.109a 
Digested 1.9c 0.673b 0.137c 1.9c 0.697b 0.191b 

Note. 
Expanded uncertainty, u(solubility): 0.06 g/L, u(water absorption): 0.005, u(hygroscopicity): 0.01. 
Same letter in a column shows no significant differences (P > 0.05). 
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compared to autoclaved treatment (P < 0.05). This indicated that macromolecules of date-pits were damaged by the applied 
treatments. 

The water absorption of untreated whole date-pits was 0.687 g water/g dry-solids, while this value was decreased to 0.672 g water/ 
g dry-solids in case of autoclaved sample (P < 0.05). Sayas-Barbera et al. [42] reported that date-pits powder showed water absorption 
of 1.6 g of water/g sample. Cadavid et al. [34] observed water absorption of asparagus fiber ranged from 9.9 to 14.3 g/g fiber. 
Similarly, water absorption of peach pulp fiber and lemon fibers were 12.6 g/g fiber [43] and 11 g/g fiber [44], respectively. This 
indicated water absorption of date-pits was observed much lower than other types of pulp. The water absorption of digested WDP (i.e. 
0.673 g water/g dry-solids) did not show any significant change as compared to the autoclaved sample (P > 0.05). The hygroscopicity 
values of untreated and autoclaved WDP were 0.111 and 0.122 g water/g sample, respectively. In the case of digested WDP, hy
groscopicity value was increased as compared to the autoclaved sample (P < 0.05). This indicated mold digestion transformed the 
date-pits to more hydrophilic (i.e. created higher polar sites). 

3.4. Proton mobility of whole date-pits 

Fig. 3A shows a plot of ln (S2/S2,0) versus time for untreated whole date-pits within the whole relaxation time. Three linear segments 
indicated the existence of three types of protons in the whole date-pits. The relaxation times and intensities of rigid protons (T2b), semi- 
rigid protons (T21) and mobile protons (T22) for untreated whole date-pits were identified from the slopes and intercepts (Fig. 3B, C and 
3D). Similarly, Al-Mawali et al. [27] observed three linear segments in the case of whole date-pits. Values of T2b, T21 and T22 of 
date-pits were considered as the rigid, semi-rigid and mobile protons mobility, respectively. Similarly, Srikaeo et al. [45] observed 
three linear segments (T2b, T21 and T22) in the waxy and non-waxy rice. The T2b was assigned to rigid protons in macromolecule, T21 
was assigned to semi-rigid protons in the monolayer-adsorbed water and T22 was assigned to mobile protons in the multilayer adsorbed 
water. In the case of dry soya beans, Li et al. [46] identified four segments of protons (i.e. T2b was assigned for the protons of 
macromolecule, T21 and T22 for the protons in the strongly and weakly bound water molecules and T23 for the pools of protons in oil). 

The relaxation times (i.e. T2b, T21 and T22) of untreated, autoclaved, digested WDP are presented in Table 2. Untreated whole date- 
pits showed T2b and T22 as 14.36 μs and 56.9 ms, respectively, while these values decreased to 14.07 μs and 50.1 ms in the case of 
autoclaved treatment (P < 0.05). However, there was significant change in T21 between untreated and autoclaved treatments (P <
0.05). In the case of digested WDP, relaxation times of rigid (i.e. T2b) and mobile (i.e. T22) protons decreased as compared to autoclaved 
samples (P < 0.05). However, no significant difference was observed in T21 between digested and autoclaved samples. The higher 
relaxation time indicated lower mobility (i.e. stiff) of the protons [28]. Thus, the decrease of T2b, and T22 in digested WDP samples 
indicated that digestion increased the mobility of these protons. This indicated that the structural damage as well as interference of the 
neighboring protons reduced their mobility. 

3.5. Proton mobility of defatted date-pits 

The relaxation times T2b, T21 and T22 of DDP samples are presented in Table 2. The untreated DDP showed T21 and T22 as 0.52 ms 
and 78.9 ms, respectively, while these values increased in the case of autoclave treatment (P < 0.05). In the case of the digested DDP, 
T21 (i.e. 0.90 ms) and T22 (i.e. 68.1 ms) decreased (P < 0.05) as compared to autoclaved treatment, whereas T2b (i.e. 11.39 μs) did not 

Fig. 3. Typical LF-NMR signal intensity of whole date-pits as a function of relaxation time, A: ln(S2/S2,0) versus relaxation time, B: First linear part 
(i.e. rigid proton pools), C: Second linear part (i.e. rigid proton pools), D: Third linear part (i.e. rigid proton pools). 
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show any significant change (P > 0.05). This indicated that digestion enhanced mobility of the semi-rigid and mobile protons present 
in the macromolecules. 

3.6. Thermal characteristics of treated whole date-pits 

Fig. 4A shows the heat flow curve of the untreated WDP. This shows a structural relaxation with a change in slope or inflection point 
(i.e. marked as S) followed by a shift in the heat flow (i.e. glass transition marked as G) (Fig. 4A). An exothermic increase was observed 
due to cold crystallization or molecular ordering (i.e. marked as E) after solids melting-decomposition endothermic peak (i.e. marked 
as M) (Fig. 4A). A minor endothermic peak was observed due to the melting of oil at the structural relaxation S (Fig. 4B). This structural 
relaxation could be due to the melting of oil. A clear structural relaxation at the glass transition can be visualized in Fig. 4C. The 
structural relaxation was observed at − 3.2 ◦C, and the onset glass transition was observed at 138 ◦C with a specific heat change (295 J/ 
kg oC) at the glass transition (Table 3). Al-Mawali et al. [27] observed the oil-melting peak at 2.8 ◦C, which was close to the structural 
relaxation. Similarly, they observed the onset of glass transition temperature of air-dried whole date-pits at 138 ◦C. In the case of 
freeze-dried date-pits, Suresh et al. [47] observed lower glass transition within 43–50 ◦C. However, Rahman et al. [25] were unable to 
observe a shift in the case of roasted date-pits and they explained that this could be due to the complexity of glass transition in the case 
of very compact rigid biomaterial. The complexity and multi-factors of the glass transition could be beyond the simplicity of the 
thermal analysis as measured by DSC. In the case of roasted coffee beans, Rivera et al. [48] were unable to observe a shift in the heat 
flow. Rather they observed an inflection in the heat flow curve. They pointed out that roasting transformed more compact ordered 
molecules in the coffee beans, which caused low specific heat change at the glass transition. Date-Pits possessed different rigidity due to 
their complex multi-domain interactions of the amorphous and crystalline domains. This could cause the difference or absence of the 

Table 2 
Relaxation times of whole and defatted date-pits treatments as measured by LF-NMR.  

Sample Whole Date-Pits Defatted Date-Pits 

T2b (μs) T21 (ms) T22 (ms) T2b (μs) T21 (ms) T22 (ms) 

Untreated 14.36a 1.28a 56.9a 10.02a 0.52a 78.9a 
Autoclaved 14.07b 1.46b 50.1b 11.23b 2.50b 70.9b 
Digested 12.28c 1.33b 43.5c 11.39b 0.90c 68.1c 

Note. 
Expanded uncertainty, u(T2b): 0.07 μs, u(T21): 0.06 ms, u(T22): 1.9 ms 
Same letter in a column shows no significant differences (P > 0.05). 

Fig. 4. DSC thermogram of WDP, autoclaved WDP and Digested WDP, A: WDP (− 90 to 300 ◦C), B: WDP (− 90 to 100 ◦C), C: WDP (130–160 ◦C), D: 
Autoclaved WDP (− 90 to 300 ◦C), E: Autoclaved WDP (− 90 to 100 ◦C), F: WDP (130–160 ◦C), G: Digested WDP (− 90 to 200 ◦C), H: Digested WDP 
(− 90 to 100 ◦C), I: Digested WDP (130–160 ◦C). 
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glass transition in the date-pits biomaterial containing a complex structure [47]. 
In the case of autoclaved whole date-pits, structural relaxation, glass transition, exothermic increase and solids melting- 

decomposition were observed. In this case, two shifts (i.e. two glass transitions marked as G1 and G2) were observed before the 
exothermic increase (Fig. 4D). In the literature, multiple glass transitions were detected in the cases of dried papaya [49], dried rice 
[50] and freeze-dried tuna meat [51]. The existence of the multiple glass transition was due to the molecular incompatibility, natural 
heterogeneity and phase separation of different rubbery domains in the complex biomaterials [52,53]. The relaxation temperature of 
autoclaved WDP shifted to a higher temperature at − 0.5 ◦C (P < 0.05), while there was no significant change to the onset glass 
transition temperature (P > 0.05) (Table 4). However, a specific heat change at the glass transition temperature decreased to 197 J/kg 
oC (Table 4). This decrease in the specific heat change at the glass transition indicated that autoclave caused the formation of more 
ordered molecules. In the case of digested samples, similar characteristics to WDP, and autoclaved WDP were observed in the heat flow 
curves. The structural relaxation temperatures of digested WDP decreased to lower values as compared to the autoclaved whole 
date-pits (P < 0.05), while minor changes were observed in the case of first glass transition temperature (Table 3). However, specific 
heat at the first glass transition decreased in the case of digested WDP. 

The second glass transition in the cases of untreated, autoclaved and digested WDP, and their specific heat change are presented in 
Table 3. The untreated WDP did not show the second glass transition, while autoclaved and digested WDP showed the second glass 
transition. The digested WDP showed an insignificant difference in the specific heat change at the second glass transition (P < 0.05). 
The total specific heat changes for untreated, autoclaved, and digested WDP were observed as 295, 367 and 328 J/kg oC, respectively. 
The lower specific heat change indicated that more ordered phases were formed because of the digestion by molds. This indicated that 
mold was acting on the amorphous part of the whole date-pits. Sperandio et al. [54] reported that T. reesei and its mutant strains 
produced cellulase (i.e.enzyme) and these are heavily used as a source of carbohydrate-active enzymes. They hydrolyze lignocellulose 
substrates into fermentable sugars. Similarly, Alyileili et al. [55] observed that T. reesei secreted enzymes to catalyze the degeneration 
of lignocellulosic substrates in date-pits and then formed simple sugars, thus enhanced the degradation of plant cell walls. 

Thermal characteristics (i.e. solids melting-decomposition) of untreated, autoclaved, and digested WDP are presented in Table 4. 
The onset solids melting-decomposition temperature of untreated whole date-pits was observed at 194 ◦C with a peak at 196 ◦C. The 
onset solids melting-decomposition temperatures did not change by autoclaved treatment (P > 0.05). Similarly, there were no sig
nificant differences between the onset and mid-solids melting-decomposition temperatures between autoclaved and digested WDP (P 
> 0.05). The end of solids melting-decomposition temperature in the autoclaved sample decreased significantly as compared to the 
untreated sample. However, the end of solids melting-decomposition point of digested sample increased significantly in comparison 
with the autoclaved sample. The onset and peak solids melting-decomposition temperatures of WDP was observed at 179 ◦C and ended 
at 200 ◦C, which was lower as compared to the values as observed in the current study [27]. Suresh et al. [47] observed the onset, peak 
and end solids-melting temperatures of freeze-dried date-pits at 59, 106 and 197 ◦C, respectively. These temperatures were much lower 
as compared to the WDP a prepared by air-dried in this study. 

The enthalpy of the endothermic peak was observed as 68 J/g in the case of untreated sample and it increased significantly to 78 J/ 
g in the case of the autoclaved sample. The enthalpy of solids melting-decomposition was observed as 125 J/g in whole date-pits, 
which was higher than enthalpy as observed in this study [27]. This higher enthalpy was due to the high moisture content as 
compared to this study. Suresh et al. [47] observed the enthalpy of freeze-dried date-pits was 184 J/g, which was much higher as 
compared to the whole date pits used in this study. This could be due to higher moisture content and different drying methods (i.e. 

Table 3 
Glass transition of treated (autoclave and mold digestion) and untreated whole date-pits.  

Sample First Glass Transition Second Glass Transition  

Ts (⁰C) Tgi (⁰C) Tgp (⁰C) Tge (⁰C) (ΔCp)1 (J/kg ⁰C) Tgi (⁰C) Tgp (⁰C) Tge (⁰C) (ΔCp)2 (J/kg ⁰C) (ΔCp)T (J/kg ⁰C) 

Untreated − 3.2a 138a 138a 139a 295a N N N N 295 
Autoclaved − 0.5b 137a 137a 138a 197b 145a 146a 147a 170a 367 
Digested − 7.1c 138a 138a 139a 155c 147b 148b 149a 173a 328 

Note. 
Expanded uncertainty, u(Ts): 1.0 ◦C, u(Tgi): 0.7 ◦C, u(Tgp): 0.7 ◦C, u(Tge): 0.7 ◦C, u[(ΔCp)1]: 10 J/kg oC, u[(ΔCp)2]: 10 J/kg oC. 
Same letter in a column shows no significant differences (P > 0.05). 

Table 4 
Solids melting-decomposition of whole and defatted date-pits as measured by DSC.  

Sample Whole Date-Pits Defatted Date-Pits 

Tmi (oC) Tmp (oC) Tme (oC) ΔH (J/g) Tmi (oC) Tmp (oC) Tme (oC) ΔH (J/g) 

Untreated 194a 196a 209a 68a 213a 214a 224a 60a 
Autoclaved 191a 193a 203b 78b 194b 195b 209b 81b 
Digested 196a 198a 208a 62c 200b 201b 212b 87b 

Note. 
Expanded uncertainty, u(Tmi): 1.5 ◦C, u(Tmp): 1.1 ◦C, u(Tme): 0.9 ◦C, u(ΔH): 1.7 J/g. 
Same letter in a column shows no significant differences (P > 0.05). 
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freeze-drying and air-drying) used as compared to this study. This also indicated the existence of stronger molecular bonding in 
freeze-dried date-pits as compared with air-dried whole date-pits. The enthalpy showed significant differences between autoclaved 
sample and treated sample (i.e. 62 J/g). The digested WDP showed the lowest enthalpy indicating the formation of weaker internal 
bonds due to digestion by molds, thus lower energy was required to decompose the solids. 

3.7. Thermal characteristics of treated defatted date-pits 

Fig. 5 shows the heat flow curves for the untreated, autoclaved and digested DDP. It shows two shifts in the heat flow (i.e. two glass 
transitions marked as G1 and G2) followed by an exothermic increase that was observed due to cold crystallization or molecular 
ordering (i.e. marked as E) and solids melting-decomposition endothermic peak (i.e. marked as M) (Fig. 5A, B and 5C). In the case of 
DDP, the structural change did not observe. Clear glass transitions can be visualized in Fig. 5C. The onset of the first glass transition was 
observed at 159 ◦C with a specific heat change 473 J/kg oC (Table 5). All defatted date-pits samples did not show structural relaxation 
and oil-melting peak (Fig. 5B). In the cases of autoclaved and digested defatted date-pits, endothermic peaks were observed after the 
second glass transition (Fig. 5D). Therefore, there was a relaxation process after the second glass transition. Rahman et al. [25] did not 
observe glass transition in roasted-defatted date-pits powder. The onset first glass transition temperature of autoclaved defatted 
date-pits shifted to a lower temperature at 135 ◦C with a specific heat change to 279 J/kg oC (P < 0.05). However, onset first glass 
transition temperature and the specific heat change of digested DDP increased significantly as compared to the autoclaved defatted 
date-pits (P < 0.05) (Table 5). 

The second glass transition of untreated, autoclaved, and digested DDP and their specific heat change are presented in Table 5. The 
onset of the glass transition temperature of the second shift of untreated DDP was observed at 164 ◦C with a specific heat change to 305 
J/kg oC. In the case of autoclaved treatment, the onset glass transition shifted to a lower temperature at 146 ◦C, while the specific 
change increased to 1050 J/kg oC (P < 0.05). However, there was no significant difference for the onset of the second glass transition 
temperature of the digested sample (P > 0.05), while the specific heat change increased to 1573 J/kg oC as compared to autoclave 
treatment (P < 0.05). The specific heat changes for untreated, autoclaved, digested DDP were observed as 778, 1329, and 1877 J/kg 
oC, respectively (Table 5). The higher specific heat indicated a more amorphous phase was formed because of the digestion by molds, 
indicating mold is working on the crystalline part of the DDP. 

Solids melting-decomposition of untreated, autoclaved, and digested DDP are presented in Table 4. The onset solids melting- 
decomposition temperature of untreated defatted date-pits was observed at 213 ◦C with a peak at 214 ◦C. The enthalpy of the peak 
was 60 J/g. Orozco et al. [56] observed the peaks at around 240 ◦C could be due to the onset of the solids melting-decomposition of 
hemicellulose in fruit wastes (orange bagasse and orange, banana, and mango peels) which were higher as compared to values 
observed in the case of DDP. In the case of autoclaved treatment, the solids melting-decomposition temperatures decreased 

Fig. 5. DSC thermogram of DDP, autoclaved DDP and Digested DDP, A: DDP (− 90 to 300 ◦C), B: DDP (− 90 to 100 ◦C), C: DDP (156–160 ◦C), D: 
Autoclaved DDP (− 90 to 300 ◦C), E: Autoclaved DDP (− 90 to 100 ◦C), F: DDP (130–160 ◦C), G: Digested DDP (− 90 to 200 ◦C), H: Digested DDP 
(− 90 to 100 ◦C), I: Digested DDP (130–160 ◦C). 
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significantly, while the enthalpy increased to 81 J/g (P < 0.05). The solid melting temperatures and enthalpy of the digested DDP (87 
J/g) showed no significant change as compared to the autoclaved sample. The DNR sample showed the highest enthalpy indicating 
that it contained stronger internal bonds, thus more energy was needed to decompose the solid matrix with high water content. 

3.8. Functional-groups characteristics of treated WDP 

Fig. 6 shows the FTIR spectroscopy of untreated, autoclaved and digested WDP and DDP. The autoclaved spectra showed higher 
absorption for all selected functional groups as compared to the untreated WDP (Fig. 6A). The higher absorption at each peak indicates 
the damage to the bonds in their functional groups. The spectrum of untreated whole date-pits powder showed a wider peak of 
2800–3700 cm− 1 due to the OH group stretching. Sohail et al. [57] identified a peak of O–H stretching at 3400 cm− 1 in the case of 
air-dried raw date-pits powder, and Sharfan et al. [58] observed a wider peak for whole date-pits in the range of 3200–3400. Similarly, 
Nabili et al. [36] observed a wider peak of date-pits powder at 3367 cm− 1 assigned to O–H group stretching vibrations in hydroxyl 
groups. The sharp peaks at this location showed the existence of inter and intra interactions of OH groups in the cellulose structure 
[59]. The shift of this peak to a higher intensity and existence of a narrower peak indicated the splitting of hydrogen bonds [59]. In the 
case whole date-pits, OH peak showed relatively lower intensity as compared to the date-pits powder [58]. This could be due to the 
intake structure of the date-pits as compared to the damaged structure in the case of date-pits powder. 

The characteristic bands at 3000-2800 cm− 1 were attributed to C–H stretching of methyl and methylene groups. Nabili et al. [36] 

Table 5 
Glass transition of treated (autoclave and mold digestion) and untreated defatted date-pits.  

Sample First Glass Transition Second Glass Transition 

Tgi (⁰C) Tgp (⁰C) Tge (⁰C) (ΔCp)1 (J/kg ⁰C) Tgi (⁰C) Tgp (⁰C) Tge (⁰C) (ΔCp)2 (J/kg ⁰C) (ΔCp)T (J/kg ⁰C) 

Untreated 159a 160a 161a 473a 164a 164a 165a 305a 778a 
Autoclaved 135b 135b 135b 279b 146b 147b 148b 1050b 1329b 
Digested 138c 138c 138c 304c 148b 149b 150b 1573c 1877c 

Note. 
Expanded uncertainty, u(Tgi): 2.1 ◦C, u(Tgp): 2.2 ◦C, u(Tge): 2.4 ◦C, u[(ΔCp)1]: 3 J/kg oC, u[(ΔCp)2]: 8 J/kg oC. 
Same letter in a column shows no significant differences (P > 0.05). 

Fig. 6. FTIR spectra, A: WDP (untreated and autoclaved), B: WDP (autoclaved and mold digested), C: DDP (untreated and autoclaved), D: DDP 
(autoclaved and mold digested). 
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observed a peak at 2924 cm− 1, which corresponded to asymmetric C–H bands in methyl and methylene groups. Commonly, cellulose, 
hemicellulose and lignin contribute to these characteristic bands [60]. The peak at 2855 cm− 1 was attributed to symmetric C–H bands 
in methyl and methylene groups, assigned to cutin and waxes. The peak at 2910 cm− 1 was assigned to the carbohydrate methyl C–H 
stretching from lignocellulose fibers [61]. Byrne et al. [62] proposed that this could be due to antisymmetric expansion and contraction 
of C–H. Similarly, Sharfan et al. [58] observed similar peaks of C–H and CH2 or CH3 bands within the 2800-2900 cm− 1. 

In the range of 1600–1800 cm− 1, two peaks were identified which could correspond to carbonyl C––O and alkenyl C––C stretching. 
The C––O stretch vibrations assigned to aldehydes and generally identified in the range of 1735 cm− 1 [63,64]. Sohail et al. [57] 
observed a peak at 1744 cm− 1 assigned to C––O stretching. Sharfan et al. [58] observed this peak at 1740 cm− 1 band for the WDP. This 
was due to the existence of unsaturated organic compounds, for examples aldehydes, ketones, and ester groups present in the 
hemicellulose [58]. Nabili et al. [36] determined a peak at 1744 cm− 1 corresponding to carbonyl C––O stretching. They pointed that 
this could be due to following functional groups: (i) the acetyl, and uronic ester groups of hemicelluloses, (ii) ester linkage of carboxylic 
groups of the ferulic and (iii) p-coumaric acids of lignin and/or hemicelluloses. They also observed a band at 1616 cm− 1 which could be 
attributed to C––C or C––N vibrations in the aromatic region. Sun et al. [61,65] identified a peak at 1639 cm− 1 assigned to the bending 
mode of the adsorbed water to the solid matrix. However, Sharfan et al. [58] pointed out 1629 cm− 1 could be related to C–O stretching 
of carboxyl or carbonyl group. 

Several vibrations were observed in the range of 1500-1000 cm− 1. Nabili et al. [36] identified the bands at 1522 and 1437 cm− 1 due 
to C––C stretch of the aromatic skeletal mode, while Sharfan et al. [58] observed these at 1526 and 1458 cm− 1 bands. Nabili et al. [36] 
also determined a peak at 1377 cm− 1 corresponded to C–H stretch of cellulose and a peak at 1246 cm− 1 due to C–O–H deformation and 
C–O stretch of phenolic compounds. The peak at 1061 cm− 1 represented the C–O stretch vibration of hemicellulose and cellulose. In 

Fig. 7. FTIR spectra of DDP within wave number 1800 and 800 cm− 1, A: untreated and autoclaved, B: autoclaved and mold digested.  
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the case of whole date-pits, Sharfan et al. [58] observed a strong peak at 1012 cm− 1 band due to the bending vibration of organic 
compounds of C–O bond. Sohail et al. [57] observed different forms of vibration in the range of 1300-1000 cm− 1 due to C––O, C–H, 
C–O stretches and a peak at 1158 cm− 1 assigned to C–O–C stretching. A peak at 1428 cm− 1 was assigned due to the CH2 bending and 
1374 cm− 1 band was assigned to the O–H bending [61]. In addition, the band at 1328 cm− 1 was produced by the C–C and C–O skeletal 
vibrations [66]. The peak observed at 1169 cm− 1 attributed to C–O antisymmetric bridge stretching and the band at 1076-1023 cm− 1 

due to C–O–C pyranose ring skeletal vibration [61,67]. The absorption peaks at 900-800 cm− 1 could be due to the C–H rocking vi
brations of cellulose, and Nabili et al. [36] observed a peak at 870 cm− 1. The peaks at 872 and 808 cm− 1 bands was assigned to 
aldehyde and derivatives of benzenes group [58]. Similar absorption peaks with higher intensities were observed in the spectra of the 
autoclaved and digested WDP (Fig. 6B). This indicated that bonds in the functional group became more-damaged in the digested 
sample. 

3.9. Functional-groups characteristics of treated DDP 

The spectra of untreated and autoclaved DDP showed a wider peak within 2800–3700 cm− 1 due to the OH group stretching 
(Fig. 6C). The untreated date-pits spectrum showed lower absorption at this peak as compared to the autoclaved sample. Adewole et al. 
[68] observed the broad band at 3417 cm− 1 due to hydrogen bonding in the case of defatted date-pits. Al-Khalili et al. [35] identified a 
wider peak at 3325 cm− 1 in defatted date-pits. Sun et al. [61] attributed the peak at 3420 cm− 1 to O–H stretching and C–H group 
stretching. All spectra showed two peaks at 3000-2800 cm− 1 with higher intensities in the case of autoclaved treatment. These were 
attributed to C–H stretching of methyl and methylene groups. Similarly, Al-Khalili et al. [35] identified two sharp peaks at 2925 and 
2850 cm− 1. Adewole et al. [68] identified a band at 2925 cm− 1, which was assigned to methylene (C–H) stretching vibration. 

In the range of 2300–2500 cm− 1, the untreated spectrum showed a peak, while this peak was absent in the case of the autoclaved 
sample spectrum. In the range of 1600–1800 cm− 1, two peaks were identified corresponding to carbonyl C––O and alkenyl C––C 
stretching. Al-Khalili et al. [35] observed a peak at 1740 cm− 1, which was attributed to acetyl groups in the sample. They identified an 
adsorbed water band within 1640–1660 cm− 1. Adewole et al. [68] determined a band at 1630 cm− 1 due to the presence of carbonyl 
compound. Several bands in the range of 1500-1000 cm− 1 were identified. Adewole et al. [68] determined peaks at 1520, 1442, and 
1381 cm− 1 that were due to aromatics compounds and a band at 1060 cm− 1 that was assigned to CH–O–CH stretching. Al-Khalili et al. 
[35] observed peaks in the case of defatted date-pits at 1381 and 1450 cm− 1. Saccharides can be characterized by the variable-angle 
vibration bands at 1436 and 1440 cm− 1 [69]. The absorption at 1261 cm− 1 could be due to OH in-plane bending cellulose [61]. In the 
case of the digested DDP, the spectrum showed higher absorption for the hydroxyl group as compared to autoclave treatment (Fig. 6D). 
This indicated that mold digestion caused more damage to the hydroxyl group. The damage of the date-pits fibers was also evident 
from the thermal and NMR analysis. However, it was evident a lower absorption for the other functional groups as compared to 
autoclaved sample. This indicated that bonds present in the functional group became stiffer due to the digestion by the mold. In 
addition, in the case of digested DDP, as compared to the autoclaved (Fig. 7A), digested one (Fig. 7B) showed many absorption peaks (i. 
e. splitting the peaks) within the band of 1800-1400 cm− 1 (Fig. 7). This indicated that functional groups within this range were 
damaged or affected by surrounding functional groups. 

3.10. Applications of digested date-pits 

Dietary fibers in date-pits can have several physicochemical properties including solubility, water absorption, fermentability, 
viscosity and binding ability when applied to foods [70]. These dietary fibers show different types of health benefits [71] and can be 
categorized into two groups, soluble and insoluble, based on their water solubility. The soluble dietary fiber includes pectin, inulin and 
gums, whereas the insoluble dietary fiber includes cellulose, hemicelluloses and lignin [70]. The preparation of functional digested 
date-pits fibers could be applied to different food products, such as dairy, bread, baked products, noodles, pasta and soups. It could 
provide more functionality as compared to the untreated date-pits powder. This could be due to the high hydrophilic characteristics, 
highly amorphous, and damaged structure of the mold digested date-pits. Soluble or amorphous fibers can form a gel-like structure in 
the gastrointestinal track and play a role in lowering cholesterol and glucose levels [72]. Douglas [73] explained that gels and viscous 
mass are amorphous solids and these can form cross-linking and physical associations with entangled interactions. Consequently, these 
interactions can lead to gel-like structures or amorphous solidification. 

More interactions in the food matrix could be achieved by damaged fibers. Horie et al. [74] explained that the damage of 
macromolecular compounds by dissociation or detachment ultimately produced fragments with reactive end-groups and could form 
crosslinks having different molecular structure [75]. The amorphous fraction can be considered as soluble fibers [76] and this can 
create sol-gel like structure [77]. It was also expected that more availability of free health functional and antibacterial bioactive 
compounds, such as polyphenols, and flavones [23,78]. Munoz-Tebar et al. [1] highlighted the potential of date-pits flour for the food 
industry due to its fiber content, essential fatty acids, and bioactive compounds. This could generate value added bio-products by 
reducing the amount of generated waste from food industry and thus promoting the circular economy in the foods and biomaterials 
chain. Pretreatments are necessary if lignocellulose materials, such as date-pits are used as an ingredient for the fermentation process, 
for example lactic acid production. The effective hydrolysis could be hindered due to the structure of lignocellulose when the access of 
enzymes to cellulose and hemicellulose fibers is restricted in the solids matrix [79]. In the case of alkaline treatment, formic acid, acetic 
acid, and coumaric acid were found inhibitory effect on the fermentation of lactic acid, and furfural was the major inhibitory com
pound in the case of acid pretreat [79]. The absent of these inhibitory compounds in mold treated date-pits could be beneficial and safe 
when these are used as ingredients in the fermentation process. 
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4. Conclusion 

In the present study, whole and defatted date-pits were digested by T. reesei at high moisture content. Four phases (i.e. lag, 
exponential, stationary, and death) were observed for the growth of T. reesei in the digested WDP and DDP. However, DDP digestion 
showed higher mold growth as compared to the WDP, indicating that T. reesei used date-pits as nutrients for their growth and pro
liferation. The high solubility and hygroscopicity of the digested WDP and DDP by mold indicated macromolecules damage and 
increased hydrophilic fraction. Autoclaved WDP showed lower T2b and T22 as compared to the untreated WDP (P < 0.05), while there 
was no significant change in the case of T21. The untreated DDP showed lower T21 and T22 as compared to the autoclaved DDP (P <
0.05). This indicated that digestion transformed these protons to high mobility due to structural damage and interference of the 
neighboring protons. The heat flow of the untreated WDP showed a structural relaxation and glass transition followed by an 
exothermic increase due to cold crystallization or molecular ordering before the solids melting-decomposition endothermic peak. The 
mold digestion created a 5.7 times amorphous fraction in the DDP (ΔCp: 1877 J/kg oC) as compared to the WDP (ΔCp: 328 J/kg oC). The 
FTIR spectra showed different types of damage in the cases of WDP and DDP also evidenced by the degree of mold growth. Overall, 
mold digestion caused molecular structural damage with enhanced amorphous fraction, thus enhancing its ability to interlink with 
other components when applied to foods and other bio-composites. 
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