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Abstract
Waste paper holds great potential as a substrate for the microbial production of bioplastic (Poly-3-
hydroxybutyrate (PHB)). This study aimed to produce PHB by utilizing o�ce paper as a substrate using
Cupriavidus necator through batch and fed-batch simultaneous sacchari�cation and fermentation (SSF)
approach. For the batch experiment, different loadings of shredded o�ce paper (3, 5 and 10%) with two
different pretreatments H2O2 (OPH) and H2O2 and Triton X-100 (OPTH) were carried out. For the fed-batch
experiment, paper loading started with 3% and two more additions were made at 36 and 84 h. Both
experiments were conducted at 30°C, 200 rpm and pH 7 using 55.5 FPU/g of cellulase and 37.5 CBU/g of
β-glucosidase with a �xed amount of nitrogen source. High PHB yield was observed with OPH in all
loadings, though the OPHT showed a better hydrolysis. Maximum PHB yield (4.27 g/L) was achieved
with 10% OP at six days of fermentation in batch SSF. Whereas, maximum PHB yield (4.19 g/L) was
obtained within a shorter time (66 h) in the fed-batch OPH paper. The extracted PHB showed well-
matched characteristic features to the standard PHB. Finally, this study proves the feasibility of
employing SSF process for PHB production using waste paper as an alternative approach to overcome
the shortcoming of the separate hydrolysis and fermentation (SHF) process.

1. Introduction
Waste paper can be utilized as a cheap alternative substrate of noble sugars for poly-3-hydroxybutyrate
(PHB) production [1–4]. The major components of waste paper are cellulose, hemicellulose, and lignin. It
also has �lling materials such as calcium carbonate, clay, and other chemical additives, for instance,
rosin, alum, and starch were added in various proportions depending upon the paper type. Besides,
residuals of talc or sodium silicate used during paper processing also remain in the paper materials [5–8,
2]. The presence of these chemicals reduces the e�ciency of the enzymatic hydrolysis of the cellulose
present in the waste paper. Therefore, waste paper pretreatment is a critical step to remove these
chemicals and expose more cellulose in the paper to the enzymatic hydrolysis.

Recently, waste paper has been widely exploited, and studies have been conducted to increase the
conversion percentage of cellulose to fermentable sugars by applying different pretreatments, in addition
to increased solid loading [9–11, 1, 2, 6, 7]. Previously, we have reported that the ground waste o�ce
paper treated with H2O2 at 121 ℃ for 30 min. with 3% paper loading was the most effective pretreatment
to get high sugar from waste o�ce paper [12, 3]. Further optimization of H2O2-pretreated paper loading
using central composite design reached the maximum sacchari�cation at 5% paper loading [13].
However,further higher paper loading was not possible due to high water absorption by ground paper.
Hence, in this study, the shredded paper was used instead of the ground waste o�ce paper to increase
the substrate loading. In addition, the combined pretreatmet using H2O2 and the combined pretreatmet
using H2O2 and Triton X-100 were evaluated for its effect on the sacchari�cation process. Triton X-100
was reported as an enhancer for the enzymatic hydrolysis when associated with other pretreatments.
Triton X-100, along with ionic liquid pretreatment, leads to a signi�cant increase of rice straw
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sacchari�cation than the untreated and ionic liquid treated biomass [14]. Generally, the application of
surfactant is one of the promising approaches to improve the enzymatic hydrolysis and reduce enzyme
loading [15].

In our previous studies, the waste paper was tried as a substrate for PHB production through separate
hydrolysis and fermentation (SHF) mode. However, the maximum sacchari�cation occurred while using
3% paper loading and decreased in higher paper loading due to the end-product inhibition [12, 13].
Therefore, the simultaneous sacchari�cation and fermentation (SSF) mode, integrating the enzymatic
hydrolysis of the lignocellulosic waste and PHB production [16, 17], was tried to overcome the drawback
in SHF. Although the SHF was conducted at the optimal conditions for both sacchari�cation and
fermentation processes, applying SSF will reduce the production cost by simplifying the production
process, avoiding end-product inhibition of the hydrolysis process, and reducing the enzyme loading [18–
21, 17]. In addition, the sugar concentration available for PHB accumulation can be increased by
increasing the paper loading in SSF mode [22, 23]. Indeed, there are meager studies on PHB production
through SSF using lignocellulosic wastes as substrates. Dahman and Ugwu [24] observed a better yield
of PHB using a wheat straw through SSF mode than SHF with both wheat straw and pure glucose.
García-Torreiro [25] reported > 50% higher yield in SSF con�guration than SHF, in conjunction with 47%
shortage of processing time.

Hence, this study aimed to examine the feasibility of PHB production by Cupriavidus necator H16 through
SSF using H2O2 treated shredded waste o�ce paper with and without Triton X-100 pretreatment at
various solid loadings.

2. Materials And Methods

2.1. Bacterial culture and maintenance
C. necator H16 NCIMB 11599 was purchased from the National Collection of Industrial Food and Marine
Bacteria (NCIMB), Aberdeen, Scotland. The bacterial culture was maintained on YPM agar which
contained (g/L): yeast extract, 10; peptone, 10; meat extract, 5; (NH4)2SO4, 2; agar, 15 g/L and stored at 4
℃, and then transferred to a fresh broth culture to be incubated at 30 ℃ for 24 h.

2.2. Pretreatment of waste o�ce paper
Raw materials were collected from college of Science, Sultan Qaboos University, Oman. Waste paper were
shredded into small pieces (2×5 mm) in bulk using a paper shredder (Atlas, China) to utilize the same
source of raw material for the whole study. Then, the shredded materials (5%) were pretreated using 0.5%
H2O2 at 121°C and 15 psi for 30 min. The solid material was �ltered through a cloth sheath and washed
till the neutral pH of the �ltrate is achieved and dried overnight in a hot oven at 60°C. Half amount of the
H2O2 pretreated-shredded paper was subjected to a second pretreatment using Triton X-100 by adding 1
ml/ 10 g paper and incubated at 40 ℃ at 250 rpm for 2 h. After that, the solid residues were separated by
�ltration through cloth sheath and washed thoroughly by distilled water until the drained water reached
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neutral pH. The recovered substantial fraction was dried at 60 ℃ for 24 h and then stored in air tight
bags at room temperature for further work.

2.3. PHB production through SSF
SSF experiment was conducted in 500 mL shaking �asks each containing 200 mL of the mineral salt
medium (MSM) which contained (g/L): KH2PO4, 2.4; Na2HPO4, 2.5; MgSO4, 0.5; Ferric ammonium citrate,
0.05; CaCl2, 0.02; (NH4)2SO4, 2. For the batch SSF experiment, the shredded paper substrate was added to
the fermentation medium as a carbon source with different percentages (3, 5, 10% w/v), then sterilized at
121 ℃ for 15 min. The (NH4)2SO4, was maintained at 2 g/L for all paper loadings. After sterilization, the
medium was loaded with 55.5 FPU/g and 37.5 CBU/g of cellulase (C2730) and β-glucosidase (49291)
(Sigma), respectively. To this, 3% (v/v) inoculum was added aseptically and incubated at 35 ℃ with 200
rpm in a rotary shaker (Thermo scienti�c MAXQ 420 HP). In the fed-batch experiment, 3% shredded paper
was added at the beginning, and then 3% was added after 36 and 84 h of incubation. During
fermentation, 3 mL samples were collected in pre-weighed tubes and centrifuged at 4000 rpm. The
supernatant was separated to analyze the reducing sugar content, and the pellet was dried overnight at
60 ℃. The weight of the pellet represents the microbial biomass and the unhydrolyzed paper, as the
bacteria adhered to the residual paper cannot be separated. All experimental data represent the average
value of three replicate of the fermentation experiments.

2.4. Analytical methods

2.4.1. Reducing sugar determination
Sugar concentrations were analyzed using HPLC (Shimadzu; LC10AD) equipped with an ion-exchange
column (Aminex HPX-87H; 300 mm × 7.8 mm; Bio-Rad, USA), a pump series 200 (Shimadzu),
autosampler series 200 (Shimadzu), and a refractive index detector (Shimadzu; RI 20). Samples of 1 ml
were diluted 10-fold with Milli-Q water, and 20 µL from each diluted sample was injected into the column
at 65 ℃ using 5 mM sulfuric acid as a mobile phase with a �ow rate of 1 mL/min. Sugar concentrations
were quanti�ed by external calibration of the pure sugar standards.

2.4.2. PHB extraction and quanti�cation
PHB was quanti�ed by gas chromatography (GC) using the methanolysis method [3]. Brie�y, 2 mL of 3%
acidi�ed methanol (2.8 M H2SO4 in methanol) containing 1% octanoic acid as an internal standard, and 2
mL of chloroform was added to a known amount of dried biomass in a Te�on capped tube and heated
for 4 h at 100 ℃ using heat block (DRB 200, HACH). After cooling, 1 mL of distilled water was added to
the mixture, vortexed vigorously for 3 min and left at room temperature to form two layers. The organic
layer of the dissolved methylated ester was �ltered, and 1µL with 1:20 split ratio was injected to the GC-
FID (Agilent Technologies 5890 series II) equipped with Agilent J & W HP-5 capillary column (30 m ×0.32
mm × 0.25 mm), �ame ionization detector (FID), and a 7683B injector. The temperatures of the injector
and FID was kept constant at 250 and 270 ℃, respectively, while the oven temperature was programmed
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to increase from 100 ℃ (1 min) to 250 ℃ (4 min) with a heating rate 15 ℃/ min. PHB obtained from
Sigma was used as a standard calibration and was subjected to the same procedure as the samples.

2.4.3. Scanning electron microscopy (SEM)
The solid residue remained after the experiment was �ltered using Whatman no.1 �lter paper and dried
overnight at 60 ℃. A tiny piece of each sample was �xed on the sample holder using carbon conducting
tape, coated thoroughly with carbon, and then observed under SEM (Jeol JSM-6360A).

2.4.4. Fourier-transform infrared spectroscopy (FTIR)
The dried materials of the SSF experiment were analyzed using FTIR spectrophotometer (BOMEN,
Canada), and the spectrum was recorded between 600 and 4000 cm− 1. Different functional groups were
analyzed by comparing various pretreatments and paper loadings with standard cellulose and lignin
spectrum.

2.4.5. Thrmogavimetric analysis (TGA)
Thermogravimetric analysis (TGA) was conducted to determine the decomposion temperature (Td) of the
extracted and standard PHB. A TGA7 thermo-analyzer (Perkin-Elmer, USA) was used with a temperature
range of 30 to 900°C at a heating rate of 20°C/min in a nitrogen environment. The weight (%) curve
against temperature was obtained by observing the weight loss at speci�c ranges of temperature.

2.4.6. Nuclear magnetic resonance (NMR)
Chemical structure of the extracted PHB was achieved using NMR. 1H NMR and 13C NMR spectra were
recorded at room temperature in chloroform using a 500 MHz spectrophotometer (Bruker, Switzerland).

2.4.7. X-ray diffraction (XRD)
Crysalinty nature of both the extracted and the standard PHB was using XRD spectroscopy (The
PANalytical X, Pert Pro) with Cu-Ka (k = 1.5405 Å) in the range of 2θ = 1‒70o.

3. Results And Discussion
Integrating the processes of enzymatic hydrolysis and PHB production has a great potential to avoid
product inhibition, and simplify the conversion of cellulosic biomass into PHB. This study focused on
PHB production using waste paper through SSF by C. necator, where both enzymatic hydrolysis and
sugar fermentation coincide. C. necator accumulates high quantity of PHB inside the cell as a reserve
material of carbon and energy. It synthesize the PHB by catalyzing the condensation of two molecules of
acetyl CoA from the tricarboxylic acid cycle, into acetoacetyl CoA with the help of the enzyme β-
ketothiolase encoded by the gene phbA. Then the reduction of acetoacetyl CoA into 3-hydroxybutyryl-CoA
is mediated by acetoacetyl CoA dehydrogenase enzyme encoded by phbB gene. Finally, the PHB
synthases (encoded by phbC) facilitated the polymerization of 3-hydroxybutyryl-CoA monomers into PHB
homopolymer [26].
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In the SHF study, the hydrolysis was conducted at 50 ℃, and pH 4.8, while the microbial fermentation
was carried out at 30 ℃ and pH 7.2 [3, 13]. However, in the case of the SSF lower temperature and higher
pH may affect the e�ciency of the enzyme. Therefore, we tried to increase the temperature to a level that
will not inhibit the growth of C. necator. Hence, in this study, the conditions for microbial growth were
�xed as 35 ℃ and pH 7.0, which may ultimately affect the sacchari�cation process of waste paper.
Therefore, the strategy adopted to increase the sugar release was increasing the enzyme concentration by
1.5-fold in the SSF process and an extra-pretreatment using Triton X-100.

3.1. Pretreatment of waste paper
The effect of pretreatment of H2O2 without (OPH) and with triton X-100 (OPHT) on the shredded o�ce

paper was assessed by FTIR in the range of 750‒4000 cm‒1 (Fig. 1). Generally, the range of 1000‒1770
is known as lignin �ngerprint [27]. The bands within the range of 1400–1630 cm− 1 were attributed to the
aromatic skeleton stretching vibration at 1414, 1456, 1516, and 1605 cm− 1 [28]; the bands around 875
cm‒1 represents C-H out from the plane bending of syringl content in lignin [29, 30]. The bands around
1500 and 1587 cm‒1 refer to the aromatic ring vibration and C = O stretching in lignin polymer [31]. Peak
around 1030 cm‒1 corresponds to the aromatic C‒H bond found in lignin and the stretching of the non-
conjugated C = O bond found in both lignin and hemicellulose [32]. The bands at 2875‒2940 and 3325
cm‒1 are responsible for C‒H stretch of methyl, methylene, or methine group and O‒H stretching of
lignin and cellulose polymer, respectively [33]. Therefore, the decrease or absence in these peaks in the
pretreated paper is attributed to deligni�cation. Pretreatment caused a dramatic decline in the intensity at
the lignin �ngerprint region, especially in OPHT compared to untreated paper, speci�cally the band at
1587 cm‒1. Different studies revealed that the o�ce paper has 65 to 87 % cellulose. 5 to 13%
hemicellulose and 1 to 2% to lignin [34–36]. In general, the pretreatment increased the sugar content and
decreased the lignin content.

3.2. PHB production through batch and fed-batch SSF mode
Initially, OPH and OPHT treated paper were assessed at different substrate loadings (3, 5, and 10% paper)
through batch SSF. The dry weight represents both residual paper and the microbial biomass (Figs. 2 and
3). They have an inverse relationship where the paper was decreasing, and the biomass was increasing
during the course of SSF. In addition to the free cells in the liquid medium, a good amount of bacterial
cells attached to the shredded paper makes the separation di�cult. OPHT showed a higher reduction rate
of the dry weight than OPH, particularly between 24 and 72 h, which was visually lique�ed faster. At the
last 24 h of the fermentation, the paper conversion rate decreased signi�cantly to around 4% in both 5%
OPH and 5% OPHT, and even less than 1% in 3% OPHT. Almost 7.03 and 5.77 g/L of dry weight remained
in both 3% OPH and 3% OPHT (Fig. 2A and B) while 11.63 and 12.93 g/L in 5% OPH and OPHT (Fig. 2A
and B), respectively. Paper conversion was evidenced by the residual glucose content that has reached
the maximum at 48 h of incubation (Fig. 2A-D). However, more residual glucose was found in both OPHT
loading paper, reaching a maximum of 3.07 and 6.19 g/L from 3 and 5%, respectively. At the end of the
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fermentation, glucose concentration in both treatments at 3% loading was almost utilized by C. necator,
while 0.71 and 3.37 g/L remained in 5% OPH and OPHT, respectively. PHB content was higher in OPH
than the OPHT medium in both paper loadings. After 24 h, 5% OPH reached the maximum PHB (0.46 g/L)
(Fig. 2C) while 3% OPH reached the maximum PHB (0.31 g/L) at 48 h (Fig. 2A) due to the C/N ratio.

Similarly, higher paper loading (10%) using both OPH and OPHT was tested on their effect on PHB
production, and the fermentation period was extended for seven days (168 h). At the beginning of the
experiment, OPHT took 48 h to liquefy, and hence the �rst samples were taken; however, OPH was faster
in liquefaction. The results were consistent with the previous solid loading experiments regarding residual
glucose, dry weight, and PHB (Fig. 3). The general overview of the OPH experiment showed that the
residual glucose and dry weight were almost constant between 48 to 144 h with an increment of PHB
yield. This is due to the simultaneous increment of enzymatic hydrolysis and, consequently, bacterial
biomass, which is acknowledged by PHB accumulation. The maximum PHB yield 4.27 g/L was achieved
using OPH at 6 days of incubation. Nevertheless, there was a sudden decrease in the PHB yield at the end
of the incubation. Unlike OPH, the OPHT experiment showed a delay in the hydrolysis at the beginning
because OPHT was processed twice, which resulted in a semi-ground structure. This increased the paper
surface area, and consequently, higher absorption of water. Despite the higher glucose in the medium, the
PHB yield was almost nil till 144 h of incubation. After that, the PHB production slightly increased in
coinciding with glucose utilization.

The higher sugar concentration in OPHT treated paper proves the e�ciency of additional triton X-100
treatment in improving the enzymatic hydrolysis of paper �bers [37, 38]. Application of surfactant in
pretreatment and enzymatic digestion favored enzymatic hydrolysis of various biomass through different
ways; 1) surfactant reduces the irretrievable adsorption of the enzyme keeping it free with superior
activity; 2) surfactant preserves the enzyme from thermal denaturation by reducing the surface tension;
3) surfactant intensi�es the electrostatic interaction between the enzyme and the biomass; 4) surfactant
increases the lignin and hemicellulose removal, the primary hurdle for effective sacchari�cation, through
emulsions process since both contain hydrophobic part and 5) surfactant causes an alteration in
biomass structure and increases surface area makes it suitable for enzymatic hydrolysis [39–42, 15].
Despite the very close paper conversion rate in terms of dry weight (paper and bacterial culture) of both
treatments at 10% solid loading, the PHB yield was low in the OPHT. This is due to the presence of
residual amount of Triton X-100 remained after pretreatment, which affected the microbial growth. Qu et
al. [38] found that Triton X-100 affected the transportation and utilization of reducing sugar, leading to a
detrimental effect on the metabolism and growth of Clostridium thermocellum. Moreover, Triton X-100
boosts the enzymatic hydrolysis, led to the release of high sugars compared to OPH treatment affeced
the growth of the bacteria by a very high C/N ratio in the production medium. Despite nitrogen limitation
is a favorable condition for higher PHB content, a higher C/N ratio than the optimum condition minimized
C. necator growth and hence, the PHB yield [3]. In the case of 10% OPH, the higher PHB yield was
achieved due to the higher released-sugar, which increased the C/N ratio compared to the previous paper
loadings. In contrast, the later reduction in the PHB after 144 h was due to the polymer degradation by
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bacteria for its growth or due to the concomitant occurrence of both sacchari�cation and fermentation,
causing a �uctuation in the C/N ratio during SSF mode of fermentation.

A fed-batch SSF was also tried to increase the yield of PHB production by the gradual increase of the
paper load in the medium of both OPH and OPHT, starting with 3% (Fig. 4). The results showed that the
residual glucose increased after the addition of the paper (36 and 84 h) and decreased later, apparently
due to the bacterial growth. In both cases, the production of PHB was de�cient at the �rst stage of the
growth, like the batch SSF (3% paper of both OPH and OPHT) experiment. The �rst addition of paper (3%)
in fed-batch experiment led to an increase in the PHB reaching the maximum (4.19 g/L) at 66 h of
incubation in the OPH, but not in OPHT. Hereafter, PHB production decreased in the OPH experiment
despite the second batch addition of the paper. The results showed that the second supplement of the
substrate increases the residual sugar concentration but not PHB production. However, the PHB
production started to increase at the end of the fermentation (after 115 h). OPHT showed almost half the
PHB yield (2.05 g/L) of the OPH, only after 114 h of incubation. This indicates that double pretreatment,
speci�cally Triton X-100, did not improve the PHB production; instead, it affects the growth of C. necator
by interfering with sugar transport.

Dahman and Ugwn [24] used both SHF and SSF processes for PHB production using C. necator by
utilizing wheat straw as a feedstock. The results showed that SSF is more in�uential than SHF and even
pure sugar in terms of PHB yield and microbial growth. More recently, cereal mash was used as a
substrate for PHB production through SSF using Halomonas boliviensis, resulted in a 60% higher PHB
polymer than SHF mode with a 47% reduction in the overall processing time [25]. Although the PHB yield
of our fed-batch mode (4.19 g/L) was almost closer to the 10% batch mode (4.27 g/L) experiment, its
production was achieved within a shorter time almost half period (66 h) in fed-batch. However, unlike
previous studies, the production of PHB from waste paper through SSF was still lower than that produced
through SHF. The PHB yield of this study is higher than that obtained by B. sacchari (3.6 g/L) [13], but
slightly lower than using C. necator (5.3 g/L) in shake �ask experiments using SHF [3]. Table 1
represented the PHB yield of C. necator and Burkholderia sp. by utilizing various lignocellulosic biomass.
The �uffy nature of waste paper materials interfere during the analysis of PHB in the samples and
affected the �nal yield. Thus, SSF application simpli�ed the processes while achieving the comparable
PHB production. However, this result was achieved using 10% paper loading, unlike the SHF, which
achieved using 3% paper loading only. Indeed, the coordination of waste paper enzymatic hydrolysis and
sugars assimilation is essential for further improving the e�ciency of the SSF approach. Further
optimization studies on SSF conditions such as temperature, substrate loading, enzyme loading, and
agitation will increase PHB production. Also, the fed-batch SSF process can be improved further by
optimizing the quantity and time of paper loading.
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Table 1
Cell dry weight (CDW) and PHB yield of C. necator and Burkholderia sp. by utilizing various lignocellulosic

biomass (LCB) through SHF and SSF mode
PHB
producer

LCB Operation mode CDW
(g/l)

PHB
(%)

PHB
(g/l)

Yield
(P/S)

Ref.

C. necator Sugarcane
Bagasse

SHF, Batch 6.0 65 3.9 ND [53]

C. necator Water hyacinth SHF, Batch 12.0 58 7.0 0.24 [54]

C. necator Sun�ower SHF, Batch 10.9 73 7.8 0.40 [55]

C. necator Wheat bran SHF, Batch 24.5 63 14.8 0.32 [56]

C. necator Sargassum SHF, Batch 5.3 74 3.9 0.47 [49]

B.
sacchari

Waste OP SHF,

Flask, Batch

3.6 44 1.6 0.15 [13]

C. necator Waste OP SHF, Flask,
Batch

7.7 57 4.5 0.21 [3]

C. necator wheat straw SHF, Flask,
Batch

12.2 58 7.1 0.13 [24]

C. necator wheat straw SSF, Flask,
Batch

15.3 65 10.0 0.16 [24]

C. necator Waste OP SSF, Flask,
Batch

ND ND 4.27 ND This
study

    SSF, Flask, Fed-
batch

ND ND 4.19 ND This
study

*ND: Not De�ned, *SHF: separate hydrolysis and fermentation, *SSF: simultaneous sacchari�cation
and fermentation

The structural changes of the paper after the fermentation was observed through SEM. Figure 5A-F
showed representative �gures of 3 and 5% OPH and OPHT �ltered residues, containing paper residues
and bacterial culture, at different magni�cations. Figure 5B and C illustrated the abundant growth of C.
necator attached to the paper �bers. Paper �bers were particularly hydrolyzed into fermentable sugars
and utilized by the microbes (Fig. 5D). At the end of the fermentation, the toner particles were visually
noticed after the hydrolysis (Fig. 5E). Interestingly, it was observed that the tonner crystal did not affect
the growth of C. necator. Instead, the bacterial cells used the tonner crystal as a surface for their growth
(Fig. 5F).

FTIR spectra of both OPH and OPHT before and after SSF were carried out in the range of 750‒4000
cm‒1 (Fig. 6) to assess the nature of residues remained at the end of the experiment. Overall, peaks
intensity decreased after hydrolysis compared to unhydrolyzed materials, speci�cally at 1000‒1770 cm‒
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1. Besides, the peak at 875 cm‒1, which represents C-H of syringl content in lignin is almost disappeared.
Lignin and cellulose peaks are signi�cantly declined. Cellulose was utilized by bacteria in the form of
glucose, while lignin derivatives were de�nitely released in the medium, especially in OPH treatment.
Although PHB is higher in the OPH experiments, lignin derivatives could have a side effect compared to
the PHB yield of SHF [3].

3.3. PHB characterization
Thermal properties of PHB differs among PHB producing microbes [43]. The thermal strength of the PHB
produced by C. necator (PHB/CN) was evaluated using thermogravimetric analysis (TGA) having the
standard/pure PHB (PHB/STD) procured from Sigma (363502) as a reference (Fig. 7A). The TGA is used
to analyse the changes in the mass of a sample with increased temperature in a time period. The
dehydration of solvents in the PHB resulted in a weight loss from 130‒230°C. Further decrease in PHB
weight occurred ~ 300°C led to the crotonic acid formation [44, 45]. From 300‒800°C the PHB/CN
produced using waste paper substrate exhibited a high stability and residual weight. The delay in
complete degradation compared to the PHB/STD showed the possible presence of some impurities. The
differential thermogravimetric (DTG) curves deduced from TGA con�rms the thermal stability of the
produced PHB. The degradation temperature of the PHB/CN and the PHB/STD were in the same range,
293.39 and 301.50 respectively (Fig. 7B).

The molecular structure of the PHB was studied using 1H and 13C NMR spectra (Fig. 8). The presence of
methyl group was represented by peaks near 1.3 ppm in 1H NMR. The methylene group was presented by
two peaks at 2.4 and 2.6 ppm and the methine group by 5.2 5ppm. The 13C NMR spectrum showed the
presence of CH3, CH2, CH and C = O groups at 19, 40, 67 and 169 ppm respectively. The above studies
demonstrated that the PHB produced by SSF was a homoplomer and comparable to the previous studies
[45, 46].

The FTIR spectrum results (Fig. 9) revealed the presence of C‒O stretching ester band at 1055.8 cm‒1

and C‒O‒C symmetric stretching amorphous band at 1183.2 cm‒1 [47]. The bands at 1277.8 cm‒1,
2930.5 cm‒1 and 1379.7 cm‒1 are assigned to methylene, methane andmethyl groups respectively. The
strong band at 1721 cm‒1 denotes the crystalline carbonyl group in the ester group of PHB. The FTIR
spectral study supported the NMR results and corroborates the earlier reports [48, 49, 47, 45].

The XRD diffractograms of the extracted PHB (PHB/CN) and standard (PHB/STD) are presented in
Fig. 10. The diffractogram of PHB is predominated by �ve major peaks at the corresponding 2θ = (020) at
13.5°, (110) at 16.9°, (101) at 21.4°, (111) at 22.5°, and (121) at 25.5°. The crystallinity of the PHB
revealed by the strong peak located at 2θ = 13.5o at 020 plane. The PHB produced through SSF, PHB/CN,
is less crystalline or slightly amorphous when compared to standard PHB. The less intensed peak at 2θ
of 020 in the extraxted PHB evidenced the low crystallinity [50–52]. The other peaks observed at various
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2θ of both PHB/CN and PHB/STD are re�ecting the same pattern and similar to the PHB produced from
sugarcane bagasse (Salgaonkar and Bragança, 2017) and rice straw [50].

4. Conclusion
OPH showed better PHB yield compared to OPTH in all loadings. Increasing the paper loading resulting in
higher PHB due to higher C/N ratio, 4.27 g/L was attained at 10% OPH at six days of fermentation. A
comparable yield was achieved through fed-batch SSF within a shorter time. The produced PHB showed
a good thermal stability and the other characteristic features are similar to the commercial PHB from
Sigma. However, the PHB production from waste paper through SSF was lower than the PHB production
through SHF. Hence, further novel approaches to increase the PHB yield through SSF.
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Figures

Figure 1

FTIR analysis of untreated (OP), pretreated o�ce paper (OPH and OPHT), pure cellulose, and lignin
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Figure 2

PHB production utilizing two differently pretreated OP as a substrate through SSF using C. necator at
different paper loadings: 3% OPH (A), 3% OPHT (B), 5% OPH (C), and 5% OPHT (D)
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Figure 3

PHB production utilizing waste OP as a substrate through SSF using C. necator at 10% paper loading of
both OPH (A) and OPHT (B)
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Figure 4

PHB production utilizing waste OP as a substrate through fed-batch SSF using C. necator with OPH (A)
and OPHT (B)
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Figure 5

SEM of the residues remained after SSF shows C. necator cells and paper �ber at different
magni�cations (A, B, C, and D). The suspended tonner remained in the medium tonner (E) was used as a
surface for microbial growth (F)
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Figure 6

FTIR analysis of the paper before and after SSF for both OPH and OPTH

Figure 7
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TGA (A) and DTG% (B) thermograms of the extracted PHB produced by C. necator (PHB/CN) and
standard (PHB/STD). The temperature was increased from 30 to 990 °C at a heating rate of 20 °C /min.

Figure 8

NMR spectra of PHB produced by C.necator using waste o�ce paper (A) 1H NMR spectrum (B) 13C NMR
spectrum
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Figure 9

FTIR spectra of the standard PHB (Sigma) (PHB/STD) and PHB produced by C. necator (PHB/CN)
through SSF process using waste o�ce paper

Figure 10

XRD diffractograms of the exacted PHB from the C. necator fermentation of waste o�ce paper through
SSF process and standard PHB (Sigma)


