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Abstract
This study reports on the microwave-assisted heating optimisation of acid condensate (AC) from palm kernel shell (PKS), 
using the central composite design (CCD) approach focusing on its total phenolic content (TPC) as response and its antimi-
crobial activity. Thermogravimetric-derivative thermogravimetric (TG-DTG) analysis clearly depicted the devolatilisation of 
lignocellulosic content of PKS. The highest TPC in concentrated AC extract (CACE), 451.51 ± 2.37 µg GAE/mg  (R2 0.9870), 
was obtained at microwave power of 580 W, nitrogen flow rate of 2.4 L/min and final temperature of 480 ºC. Nitrogen flow 
rate had the highest effect on TPC with an F value of 63.65. Relative to ascorbic acid, CACE showed a higher Trolox equiva-
lent antioxidant capacity (TEAC) but almost similar 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capabilities 
which can be attributed to the presence of 1,2-benzendiol, i.e. catechol (27.82%) and 1,3-dimethoxy-2-hydroxybenzene, 
i.e. syringol (22.76%). CACE also displayed good potential for antimicrobial application with high growth inhibition of 
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Enterococcus faecalis, Aspergillus niger and Fusarium 
oxysporum. In conclusion, PKS has a great potential to be used as raw material to produce AC (acid condensate) using 
microwave-assisted heating process.
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1 Introduction

As the second largest producer of palm oil in the world, 
Malaysia produced large amount of oil palm biomass such as 
palm kernel shell (PKS), oil palm fronds and mesocarp fibre 
[1]. Improper biomass waste management may lead to anaer-
obic degradation into greenhouse gases such as methane. 

One of the approaches available to manage the abundance 
of oil palm biomass is through thermochemical conversion 
method such as microwave-assisted pyrolysis which is a 
method of heating the substances in the absence of oxygen 
that yielded biochar, bio-oil, biogas and acid condensate [2].

Acid condensate (AC), also known as wood vinegar, is 
an acidic reddish-brown aqueous liquid obtained from the 
condensation of gaseous parts generated during the pyroly-
sis process. AC has acidic pH of around 2.5–3.5 and con-
sists several groups of valuable organic compounds such as 
organic acids, phenols, aldehydes, alcohols, ketones, pyran, 
furan derivatives and polyphenolic compounds [3]. In order 
to obtain AC with high yield of phenolic compounds and its 
derivatives, PKS has been the subject of interest due to its 
high amount of lignin content which correlates to the yield 
of phenolic compounds [4] that is responsible to the high 
antioxidant properties of AC [5].

For decades, uncontrolled growth of bacteria and fungi 
has been a major concern in agricultural, environment 
and human and animal health since its presence resulted 
in human, animal and plant diseases and low-yielding 

 * Zainul Akmar Zakaria 
 zainulakmar@utm.my

1 School of Chemical and Energy Engineering, Faculty 
of Engineering, Universiti Teknologi Malaysia, 
81310 Johor Bahru, Johor, Malaysia

2 Institute of Bioproduct Development, Universiti Teknologi 
Malaysia, 81310 Johor Bahru, Johor, Malaysia

3 Engineering and Processing Research Division, Malaysian 
Palm Oil Board, No.6, Persiaran Institusi, Bandar Baru 
Bangi, 43000 Kajang, Selangor, Malaysia

4 Department of Pharmaceutical Chemistry, Faculty 
of Pharmacy, University of Malaya, 50603 Kuala Lumpur, 
Malaysia

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-021-01631-6&domain=pdf


10388 Biomass Conversion and Biorefinery (2023) 13:10387–10397

1 3

production quality [6]. AC offers a promising alternative for 
antibiotic and chemicals for treatment of human and plant 
against microbiological infections/attacks as AC exhibits 
antibacterial [7], termiticidal [8], antifungal [9], anti-inflam-
matory [10], herbicide [11] and antibiotic in poultry [12]. In 
addition, AC is considered low cytotoxic at 100-fold dilution 
[13] and does not pose severe hazard to the environment 
[14].

In view of this, this study highlights on optimisation of 
AC using response surface methodology (RSM) based on 
the central composite design (CCD) approach as it offers 
a better alternative to the full factorial three-level design 
since it demands a smaller number of experiments while 
providing comparable results [15] and better prediction than 
other optimisation designs [16]. This study also focuses on 
the elaboration of the potential inhibitory effect of AC com-
pounds obtained from microwave-assisted heating of PKS 
towards bacteria and fungi species. This is the first report 
on the optimisation of TPC in AC from PKS (termed as 
AC-PKS) using RSM.

2  Materials and methods

2.1  Sample preparation and characterisation of PKS

The PKS samples were obtained from one local palm oil mill 
in Johor, Malaysia. The sample was washed using tap water, 
sun-dried for 3 days and grounded (Df-25 automatic herb 
grinder, DA DE brand) to 1–3 mm using facilities available 
in one commercial laboratory located in Kota Tinggi, Johor. 
The American Society for Testing and Materials (ASTM) 
were used to characterise the moisture content (ASTM E 
1756), ash (ASTM E1755-01) and volatile matter (ASTM 
D3714). The standard laboratory analytical procedure (LAP) 
was used to determine the lignin (LAP-003, 004) and cel-
lulose (LAP-002) contents. The thermogravimetric analysis 
of PKS was carried out using the Pyris-6 thermogravimetric 
analyser (Perkin Elmer) as described by Mensah et al. [17]. 
PKS sample was grounded further and sieved to mesh size 
between 105 and 120 μm prior to heating at 30–600 °C using 
nitrogen gas followed by at 600–800 °C by using oxygen gas, 
both at a fixed heating rate of 25 °C/min.

2.2  Microwave‑assisted pyrolysis of PKS

The experimental rig was set up according to Abas et al. 
[18] with slight modification as follows: the microwave-
assisted pyrolysis of PKS was carried out using microwave 
oven (MW71B, Samsung) with 800 W maximum output 
power and 2.45 GHz frequency at the Combustion Lab, 
School of Mechanical Engineering, Universiti Teknologi. 
This pyrolysis system setup consists of fabricated 

microwave, temperature controller, quartz glass reactor, 
 N2 supply, thermocouple type R, glass tube connecter, 
condenser, water chiller (Alpha R8-Lauda, Germany), 
lab jack, flat bottom flask and PicoLog data logger. The 
cylindrical quartz glass reactor with top and bottom flange 
was designed in the size of 100 mm (ID), 150 mm (OD) 
and 205 mm in height. The 100-mm ID flange lid glasses, 
Favorit brand, were used to cover both top and bottom 
of the quartz glass reactor. One hundred g of PKS was 
mixed with commercial granulated activated charcoal (n-2, 
3–5 mm, MW-12.01 g/mol HmbG). Nitrogen gas was then 
supplied from the top of the reactor at 10 L per minute (L/
min) for 15 min prior to the start of pyrolysis to ensure 
inert environment inside the quartz glass reactor. The 
water chiller was maintained at 6–7 °C, and the reaction 
time was kept constant at 60 min. The thermocouple type 
R that was connected to the PicoLog data logger system 
was inserted directly on top of the sample. A series of con-
denser units were installed to condense vapours into AC 
liquid. The liquid and solid products were collected and 
weighed after pyrolysis process to determine the percent-
age yield of solid, liquid and gaseous products obtained.

2.3  Optimisation of AC production

Response surface methodology, RSM (via Design-Expert 
software version 7) was used to carry out optimised pro-
duction of AC by microwave-assisted heating. Three dif-
ferent factors (final microwave temperature, microwave 
power, nitrogen flow rate) with TPC as the response were 
studied using central composite design (CCD) approach. 
The details of the experimental level of three factors with 
coded value (1 for high level and − 1 for low level) fol-
lowed by the 17 standard runs including replicated of 3 
central points (run), 1 factorial point and 1 axial points 
were tabulated as shown in Table 1. AC obtained was 
collected and filtered followed by extraction using ethyl 
acetate (EA) AR grade at a 1:1 ratio [19]. The mixtures 
were homogenously shaken for 3 min and let to stand for 
30 min to allow phase separation. The top organic layer 
(representing EA) was collected, while the bottom aqueous 
layer was extracted for a second time using fresh EA. The 
combined AC extracts were then concentrated using rotary 
evaporator (120 mBar, 80 ºC, Heidolph, Germany) until 
small volume was obtained and termed as concentrated AC 
extract (CACE). The CACE was then placed in a desicca-
tor for 3–5 days to remove excess water. AC was extracted 
using EA to obtain an optimum total phenolic content, as 
EA is a medium polar solvent with polarity index of 4.4. 
The effectiveness of natural bioactive effects depends more 
on the type of solvents used for the extraction rather than 
the wood source [20].
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2.4  TPC and chemical characterisation of CACE

The TPC in CACE was determined as follows [10]: a mixture 
of 1 mL of the CACE extract and 1 mL of 50% v/v of Folin 
Ciocalteu reagent was added with 1 mL of 10% w/v sodium 
carbonate and left for 2 h at ambient temperature. The optical 
density of the mixture was measured at 765 nm (UV-1800, 
Shimadzu, Japan). Gallic acid was used to plot the calibration 
curve. The TPC determined was expressed as μg gallic acid 
equivalent/mg of dried sample (μg GAE/ mg). The 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH) assay was performed as follows: 
a mixture of 1 mL of CACE extract and 2 mL of methanolic 
DPPH reagent was vortexed and allowed to stand for 30 min 
at room temperature. The optical density was measured at 
517 nm using methanol as blank. Trolox equivalent antioxidant 
capacity (TEAC) was carried out using method proposed by 
Re et al. [21] where a mixture of 0.3 mL sample (20 µg/mL) 
and 2.7 mL of the  ABTS•+ solution was incubated at 37 °C 
for 7 min.  ABTS•+ solution was prepared by mixing 7 mM of 
ABTS solution with 2.45 mM potassium persulphate solution 
at a 1:1 ratio. The optical density of the mixture was measured 
at 734 nm. Trolox was used as standard curve. The reduc-
ing antioxidant activity of the CACE is expressed as Trolox 
equivalent/g dried sample (µg TE/mg sample).

2.5  Gas chromatography–mass spectrometry (GC–
MS)

The CACE was analysed for chemical compositions using 
gas chromatography–mass spectrometry (GC–MS, QP500, 

Shimadzu, Japan) using the method suggested by Abas et al. 
[18]; CACE (100 µl) was dissolved in 2 ml of 95% methanol 
HPLC grade and filtered using 0.2-µm membrane syringe 
filter. One µl of filtered sample was injected with a split rate 
of 20:1 into the capillary column (BXP-5) with a diameter of 
29.4 m × 0.25 mm. The injector pressure and split flow rate 
were 10.97 psi and 23.8 mL/min, respectively. The helium 
gas was used as a carrier gas, and the temperature of injector 
was at 300 °C. The final temperature around 325 °C was held 
for 10 min, and each sample was run around 37 min. As for 
mass spectrometry (MS), the electron ionisation with 70 eV 
was used to detect the mass fragment at scan range between 
50 and 550 m/z. The ion source temperature and transfer line 
have been set at 200 °C and 300 °C, respectively. The GC 
peak areas were integrated, and the component identification 
was done by comparing the MS with standards and with a 
library search (National Institute of Standard and Technol-
ogy, NIST, USA).

2.6  Antimicrobial activity

Disk inhibitory assay was carried out using method 
described by Hudzicki [22]. Sterilised commercial disk 
(Whatman, England) with a diameter of 6.0 mm was added 
with 30 μL of CACE (100 mg/mL). Methanol and com-
mercial disks impregnated with kanamycin (30 μg/mL) 
were used as negative and positive control, respectively. 
The sample impregnated disks were left air-dried in the 
biological safety cabinet (ESCO Class II BCC, Singapore). 
Staphylococcus aureus bacterial suspension was prepared by 

Table 1  Optimisation of TPC in 
CACE using RSM

Std Run Factor A: final 
temperature (°C)

Factor B: micro-
wave power (watts)

Factor C: nitrogen 
flow rate (L/min)

Experimental output: 
TPC (µg GAE/mg 
sample)

Actual Coded Actual Coded Actual Coded

1 2 300  − 1.0 350  − 1.0 1.0  − 1.0 254.8
2 6 600 1.0 350  − 1.0 1.0  − 1.0 190.12
3 4 300  − 1.0 800 1.0 1.0  − 1.0 273.46
4 14 600 1.0 800 1.0 1.0  − 1.0 301.2
5 5 300  − 1.0 350  − 1.0 5.0 1.0 317.85
6 11 600 1.0 350  − 1.0 5.0 1.0 267.21
7 13 300  − 1.0 800 1.0 5.0 1.0 330.05
8 9 600 1.0 800 1.0 5.0 1.0 371.85
9 1 198  − 1.7 575 0.0 3.0 0.0 362.52
10 17 702 1.7 575 0.0 3.0 0.0 344.84
11 3 450 0.0 200  − 1.7 3.0 0.0 209.16
12 7 450 0.0 800 1.7 3.0 0.0 296.15
13 10 450 0.0 575 0.0 1.0  − 1.7 255.40
14 15 450 0.0 575 0.0 6.4 1.7 342.00
15 12 450 0.0 575 0.0 3.0 0.0 480.01
16 16 450 0.0 575 0.0 3.0 0.0 455.15
17 8 450 0.0 575 0.0 3.0 0.0 434.39
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inoculating 5–10 loops of single colony bacteria into 5 mL 
of sterile saline water (0.9% w/v sodium chloride solution). 
The turbidity of the bacterial suspension was compared and 
adjusted to 0.5 McFarland standard solution. Pre-sterilised 
cotton swab was used to inoculate the prepared bacterial 
suspension onto Mueller Hinton agar and left for 10 min. 
The prepared disks were aseptically transferred onto the 
surface of the agar plate and labelled. The agar plate was 
inverted and incubated at 37 °C for 24 h. The diameter of the 
inhibition zones formed around the disk directly indicates 
the extent of antibacterial activity for CACE. The experi-
ment was carried out in triplicates. The experiment was 
repeated using Pseudomonas aeruginosa (P. aeruginosa), 
Enterococcus faecalis (E. faecalis) and Escherichia coli (E. 
coli). The antifungal activities of CACE were determined 
using methods as suggested by Kartal et al. [23]; three fungi 
strains (Aspergillus niger, A. niger; Fusarium oxysporum, F. 
oxysporum; and Candida albicans, C. albicans) were asep-
tically transferred using inoculating loop into a series of 
sterilised universal bottle (28 × 85 mm) containing 5 mL of 
autoclave-sterilised distilled water. Sufficient inoculum was 
adjusted until the turbidity equals to 0.5 McFarland standard 
solution. Then, 100 µL of each inoculum was incorporated 
in 20 mL of potato dextrose agar, PDA (M096-500G, HiMe-
dia). The mixture was poured into 90-mm petri dishes and 
swirled left and right before left on the bench to solidify. 
Three mm diameter wells were punched into the agar by 
using sterilised cork borer. Then, 50 µL of CACE (2–10 mg/
mL in methanol) were added into the wells followed by incu-
bation at 37 °C for 24 h. The antifungal activities were eval-
uated by measuring the diameter of the halo-zone formation 
around the well. Similar experimental procedure was carried 
out using 3% copper chromium boron (CCB) sample acting 
as positive control and methanol as negative control.

2.7  Statistical analysis

All values were expressed as mean ± standard deviation 
(S.D) of triplicate measurements calculated using the Micro-
soft excel spreadsheet. The significant differences from the 
respective controls were tested using Pearson’s t-test SPSS 
Statistics package for each set of experiment.

3  Results and discussion

3.1  Characterisation of PKS

PKS used has the following characteristics (in wt. %): ash 
content (0.68 ± 0.08), moisture (7.00 ± 0.08), volatile matter 
content (88.45 ± 2.38), fixed carbon content (3.87 ± 0.26), 
nitrogen (0.39 ± 0.02), carbon (51.60 ± 0.58), hydrogen 
(6.65 ± 0.08), sulphur (0.22 ± 0.08), oxygen (41.14 ± 0.57), 

lignin (48.52 ± 0.63), acid soluble lignin (1.57 ± 0.08), acid 
insoluble lignin (46.95 ± 0.03), cellulose (33.61 ± 0.22), 
hemicellulose (17.87 ± 0.08) and extractives (4.26 ± 0.08). 
Lignin content analysis is an important measure to indicate 
the expected yield of phenolic compounds in AC such as 
pyrocatechol, phenol, syringol, guaiacol and its alkylated 
derivatives [24]. The lignocellulosic contents in PKS bio-
mass also fall within the typical reported range for biomass, 
i.e. 20–40% for cellulose, 20–30% (hemicellulose) and 
10–25% for lignin [25, 26].

From the TG-DTG analysis (30–850 ºC) as shown in 
Fig. 1, three different regions were clearly distinguishable 
from the TG curve. The first region indicated initial weight 
loss of PKS (3.27 wt. %, < 200ºC) due to the removal of 
water content. The second region (weight loss around 47.19 
wt. %, 250–380 ºC) represented the decomposition of cel-
lulose, hemicellulose and some part of lignin, respectively, 
into biochar [27] and was the region where major devolatili-
sation of PKS was observed (indicated from the steeper TG 
curve). In the third region (600–850 °C), around 24.36 wt. % 
of PKS were lost due to the slow decomposition of biochar 
to produce ash which can be substantiated from the pres-
ence of two small peaks at 700 °C and 800 °C [27]. For the 
DTG curve, the first two double peaks indicated a two-step 
thermal decomposition reaction mechanism that occurred 
at 291.74 ºC (hemicellulose) and 363.03 ºC (cellulose). The 
double peaks were indistinguishable to each other as the 
almost similar percentage of hemicellulose and cellulose 
content in PKS. The third peak observed at 592.18 ºC can 
be attributed to devolatilisation and oxidation of char in PKS 
that produced 24.36 wt. % of ash. This is mainly due to the 
decomposition of the remaining lignin content at 500–900 
ºC [27]. This observation was similar to a report where the 
occurrence of hemicellulose decomposition was recorded at 
220–315 ºC, cellulose at 315–400 ºC and lignin at 160–900 
ºC (due to its higher thermal stability) [28].

3.2  Pyrolysis products yields

The highest yield of AC, tar, biochar and biogas was 
recorded at 29.1 wt% (Std 16), 17.4 wt% (Std 4), 71.4 wt% 
(Std 9) and 51.4 wt% (Std 3), respectively (Fig. 2). Lower 
final temperature would favour the production of solid 
(char), while higher final temperature would favour liquid 
products (AC and bio-oil). The highest AC yield of 29.1 
wt% (Std 16) was achieved at nitrogen flow rate of 3 L/min, 
microwave power of 575 W and final temperature of 450 
ºC. Similar operating condition resulted in comparable yield 
for AC and char (for standard 15th to 17th), but yield for tar 
and gas was different. There was significant increase in AC 
when the final temperature was increase from 198 to 450 ºC. 
A further increase in temperature to 702 °C did not result 
in a significant decrease in AC yield (27.04 wt %) rather 
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increase in the production of pyrolytic gas. The increase in 
pyrolytic gas be attributed to (1) fragmentation of primary 
mechanism that results in the formation of incondensable 
gas and (2) thermal cracking of secondary mechanism that 

leads to smaller molecular weight molecules, where both 
favours condition with higher temperature than 600 °C [29]. 
These results were supported by other studies where biomass 
lignocellulosic material was volatile with a maximum liquid 

Fig. 1  TGA-DTG curve profile 
of PKS biomass

Fig. 2  Pyrolysis product distri-
bution of PKS under different 
final temperature (FT), micro-
wave power (MP) and nitrogen 
flow rate (NFR) according to 
RSM method
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yield at temperature between 350 and 600 ºC during pyroly-
sis process [18, 30, 31].

Microwave power is directly related to heating rate [32]. 
The application of microwave power at a higher level leads 
to higher heating rate and faster release of larger volatiles 
(both in liquid and gas forms). This situation was noticeable 
from this study where the char yield was reduced when the 
microwave power was increased from 350 to 800 W. The 
percentage yield of AC did not reveal any significant changes 

when the microwave power was changed, thus highlighting 
the more significant effect of final temperature towards the 
distribution of pyrolysis products. For the effect of nitrogen 
flow, AC production was decreased from 28.43 wt% (Std 13) 
to 20.59 wt% (Std 14) as the nitrogen flow rate was increased 
from 1 to 6.4 L/min. This trend was also observed at 600 ºC 
regardless of the variation in microwave power used (350 W 
and 600 W) as reduced AC yield was observed, i.e. 26.06 
wt% to 18.85 wt% (for 350 W) and 28.76 wt% to 17.22 wt% 

Table 2  Analysis of variance 
(ANOVA) for total phenolic 
content of AC

Source Sum of squares DF Mean square F value Prob > F Remark

Model 11,618.94 9 11,618.94 59.21  < 0.0001 Significant
A 417.55 1 417.55 20.13 0.0488 Significant
B 11,284.90 1 11,284.90 57.51 0.0001 Significant
C 12,491.03 1 12,491.03 63.65  < 0.0001 Significant
A2 15,639.46 1 15,639.46 79.70  < 0.0001 Significant
B2 59,964.51 1 59,964.51 305.57  < 0.0001 Significant
C2 36,223.19 1 36,223.19 184.59  < 0.0001 Significant
AB 4271.65 1 4271.65 21.77 0.0023 Significant
AC 98.70 1 98.70 0.50 0.5011
BC 20.80 1 20.80 0.11 0.7543
Residual 1373.67 7 196.24
Lack-of-fit 330.28 5 66.06 0.13 0.9717 Not significant
Pure error 1043.39 2 521.70
Cor total 11,618.95 16
Model suggested Quadratic
R2 0.9870
Adj.  R2 0.9704
Pred.  R2 0.9543
Adeq.  R2 24.16

Fig. 3  Predicted versus actual 
of total phenolic content of AC
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(for 600 W). Much less AC collected can be attributed to 
the shorter vapour residence time in the condenser tube that 
yielded more non-condensable gas [33].

3.3  Optimisation of TPC

The highest TPC concentration was 480.01 µg GAE/mg at 
microwave power of 575 W, final temperature of 450 ºC and 
nitrogen flow rate of 3.0 L/min (Std 15), while the lowest 
TPC was 190.12 µg GAE/mg when the microwave power of 
350 W, nitrogen flow rate of 1.0 L/min and final temperature 
of 600 ºC (std 2), as shown in Table 1. This result clearly 
indicates the importance of high nitrogen flow rate and high 
microwave power to get higher TPC value. Phenolic con-
stituents were derived from the decomposition of lignin in 
PKS. Similar finding was also reported where the maximum 
yield of TPC was obtained when the weight loss of lignin 
was maximum (at 450 ºC) [34].

The correlation between the response TPC concentra-
tions (Table 1) with the three factors was determined using 
multiple regression analysis and represented as polynomial 
equation as shown in Eq. (1), while results from the analysis 
of variance (ANOVA) are as summarised in Table 2. The 
quadratic model fitted the optimisation of TPC concentration 
with determination coefficient  (R2) of 0.9870 (with adjusted 
 R2 of 0.9543). The  R2 value indicates that 98.70% of the 
total variation in the TPC of AC was attributed to the experi-
mental variables studied. Thus, only 1.30% of the TPC was 
not explained by the model. The adequate  R2 value of 24.16 
represents the signal-to-noise ratio. This ratio is greater 
than 4 which indicates an adequate signal, and therefore, 
the model is significant for the process.

As shown in Table 2, the provided model was significant 
for TPC concentration of AC as proved by the P-value of 
less than 0.0001 and F value of 59.21. The most significant 
parameter was nitrogen flow rate as F value was the high-
est as compared to the other two factors. In addition, final 
temperature (A), microwave power (B), nitrogen flow rate 
(C),  A2,  B2,  C2 and AB have a significant effect on the TPC 
concentration with P-value less than 0.05. The lack-of-fit 
P-value of 0.9717 implies that it was not significant relative 
to the pure error. According to the equations, the reduction 
of factors A,  A2,  B2 and  C2 would increase the TPC, while 
increasing the other factors would increase the TPC con-
centration of AC.

The graph for predicted versus actual values of total 
phenolic content in AC, as depicted in Fig. 3, indicates the 
capability of the developed quadratic models to satisfac-
torily adjust to the experimental data, as well as limit the 

(1)TPC = 456.77 − 5.53 A + 28.75 B + 30.24 C + 23.11 AB + 3.51 AC − 1.61 BC − 37.25 A
2
− 72.93 B

2
− 56.68 C

2

percentage error between predicted and actual experimental 
results. The interaction between two factors was also evalu-
ated as quadratic model was used. It can be observed that 
both the final temperature and microwave power play sig-
nificant roles in the production of TPC at optimum condi-
tion (Fig. 4a). The production of TPC increased as the final 
temperature increased from 300 to 480 ºC while became 
constant as temperature increased beyond 480 ºC at constant 
microwave power of 575 W.

The validation test was carried out (in triplicates) based 
on the limited constraint range and the solution suggested 
by CCD in RSM of Design-Expert software. The crite-
ria for all factors were in the ranges with the maximum 
goal for both responses. From the software, the optimised 
parameters suggested were as follows: final temperature of 
480 ºC, microwave power of 580 W and nitrogen flow rate 
of 2.4 L/min which would give a maximum predicted value 
of 461.10 μg GAE/mg sample of AC. After the validation 
tests were carried out, the maximum TPC concentration of 
451.51 ± 2.37 mg μg GAE/mg sample of AC was obtained 
which was in good agreement with the predicted value 
with a standard deviation of 1.2%. The optimised TPC 
value was much higher compared to that reported for oil 
palm fibre (26.61 ± 0.96 mg gallic acid/g) [18] and pineap-
ple waste biomass (9.50 ± 0.11) [3].

3.4  Antioxidant activity

Microwave-assisted AC showed high potency for DPPH 
radical scavenging with  IC50 value of 39.83 ± 2.11 µg/
mL µg/mL which is  s imilar  to  ascorbic  acid 

(38.89 ± 1.55  µg/mL). This finding is supported by 
other researchers such as Ma et al. [35] who studied the 
antioxidant of AC from walnut shell and Ma et al. [5] 
who studied the AC obtained from Rosmarinus offici-
nalis leaves. The  IC50 for R. officinalis leaves ranged 
from 16 ± 0.2 to 31 ± 0.26 µg/mL, while Mathew and 
Zakaria [3] reported that the AC extract from pineapple 
waste biomass exhibited 89.7% of DPPH radical scav-
enging capacity at 25 µg/mL. The scavenging effects of 
CACE increased with the concentrations of the extracts. 
From the TEAC assay, CACE exhibited a higher TEAC 
value (1096.24 ± 3.56 µg TE/ mg) than ascorbic acid 
(951.26 ± 3.27 µg TE/mg. High TEAC values can be 
partly attributed to the TEAC level of 3-methoxycat-
echol, catechol and syringol of 1039 ± 51, 1022 ± 53 
and 956 ± 40 µg TE/ mg of the sample, respectively, as 
reported by Loo et al. [19].
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3.5  GC–MS analysis

From the GC–MS analysis, 20 chemical compounds were 
determined from CACE which phenols and its derivatives 
being the major compounds followed by organic acids, 
ketones, furan and pyran derivatives (Table 3). CACE 
consisted of phenolic derivatives (78.56%) with the major 
compounds being 1,2-benzenediol, i.e. catechol (27.82%), 
1,3-dimethoxy-2-hydroxybenzene, i.e. syringol (22.76%) 
and 2-methoxyphenol, i.e. guaiacol (5.19%). A small per-
centage of organic acids (7.14%) were also present (acetic 
acid, 7.07%, and 4-hydroxybenzoic acid, 9.29%) as well as 
ketones (4.87%) and furan and pyran derivatives (1.76%). 
CACE from pineapple waste has been reported to have high 
content of phenolic compounds (69.5%) with the presence 
of 2,6-dimethoxy phenol, 1,2-benzenediol, 3-methoxy 
1,2-benzenediol and 2-methoxy phenol [3]. Thermal deg-
radation of lignin that takes place in temperature ranges 
from 160 to 600 °C leads to the production of high amount 
of phenol, guaiacol, syringol, creosol and other phenolic 
compounds as they were released due to cleavage of ether 
linkages among the lignin units [34, 36]. The presence of 
furan and pyran derivatives, ketones and organic acids was 
mainly derived from the decomposition of cellulose and 
hemicelluloses [29, 37].

3.6  Antimicrobial activity

The optimised CACE showed antimicrobial activities 
(based on the formation of inhibition zone) against all 
pathogenic bacteria in the following order: S. aureus 
(22.50 ± 0.86 mm) > E. coli > P. aeruginosa > E. faecalis. 
These results was supported from previous reports on anti-
bacterial activity of AC extract from oil palm biomass [38, 
39]. Ibrahim et al. also reported a broad-spectrum activ-
ity of AC from Rhizophora apiculata including Bacillus 

subtilis, B. cereus, B. spizizenii, S. aureus and S. epider-
midis [40]. This antimicrobial capability of CACE can 
be attributed to the presence of hydroxylated phenolic 
compounds [9]. Catechol and pyrogallol are known to 
have antimicrobial activity that increases with increasing 
hydroxyl group [41, 42]. Kanamycin exhibited broad-spec-
trum antibacterial activity as inhibition zone was observed 
against all tested pathogenic bacteria. Kanamycin was 
least effective against P. aeruginosa with zone of inhibi-
tion diameter of 24.33 ± 0.58 mm. Negative control did 
not exhibit inhibition zone as methanol was completely 
evaporated during the disk preparation (Table 4).

The results obtained from the resulting inhibition zone 
(in mm) suggested the effectiveness of antifungal activities 
for samples towards C. albicans, A. niger and F. oxysporum 
as follows: 3% CCB (positive control) > CACE > metha-
nol (negative control). At a concentration of sample used 
(10 mg/ mL), 3% CCB showed inhibition zone values of 
66 ± 3.65 mm (A. niger), 58 ± 2.17 mm (F. oxysporum) 
and 76 ± 2.54 mm (C. albicans), while lower values were 
obtained for CACE (52 ± 0.39 mm, A. niger; 48 ± 4.86 mm, 
F. oxysporum; and 58 ± 0.66  mm, C. albicans). Other 
sources of AC such as that of Eucalyptus urograndis, 
Mimosa tenuiflora and Rhizophora apiculata were reported 
to have good antifungal activity with 8–22-mm growth inhi-
bition zone against C. albicans and Cryptococcus neofor-
mans [7, 9]. High antifungal capacities for CACE can be 
attributed to its higher TPC content (480.01 µg GAE/mg) 
as antifungal properties of AC are strongly dependent on 
phenolic contents [43]. The result was also supported by 
the findings where the synergistic activity of various phe-
nolics in PAs was responsible for good antifungal rather 
than the activity of any single phenol compound [23]. Fun-
gal growth inhibition can be caused by the alteration of 
fungi cell wall, disruption of plasma membranes, inhibition 
on membrane plasma permeability (protein translocation, 

Fig. 4  3D surface graph of factors interaction towards TPC of PA against a final temperature and microwave power (AB), b final temperature 
and nitrogen flow rate (AC) and c microwave power and nitrogen flow rate (BC)



10395Biomass Conversion and Biorefinery (2023) 13:10387–10397 

1 3

enzyme-dependent reaction) as well as inhibition of elec-
tron transport that resulted into ion leakage from the fungi 
cell [8]. The good antimicrobial activity of CACE indicated 
its potential applications in health-related and agricultural 
areas such as alternative treatment against microbial infec-
tion in human and colonisation of plant root systems by 
pathogenic microorganisms.

4  Conclusion

CACE derived from microwave-assisted pyrolysis of PKS 
exhibited promising antioxidant and antimicrobial activi-
ties. The optimisation of the microwave-assisted heating 
process is crucial to ensure that the highest yield of TPC 
can be obtained as shown in this study where the highest 

Table 3  GC–MS analysis of 
CACE

No Compounds Molecular formula Retention time 
(min)

Relative 
contents 
(%)

Phenols and derivatives 78.56
1 Phenol C6H6O 4.020 2.24
2 2-Methylphenol C7H8O 9.799 2.21
3 4-Methylphenol C7H8O 10.400 2.29
4 2-Methoxyphenol C7H8O2 10.731 5.19
5 3-Ethylphenol C8H10O 13.066 0.42
6 2-Methoxy-4-methylphenol C8H10O2 13.695 3.32
7 1,2-Benzenediol C6H6O2 13.993 27.82
8 3-Methoxy-1,2-benzenediol C7H8O3 15.595 2.13
9 4-Ethyl-2-methoxyphenol C9H12O2 16.087 4.02
10 2,3-Dimethylphenol C8H10O 12.471 0.24
11 2.6-Dimethoxy-4-(2-propenyl)-phenol C11H14O3 16.004 5.92
12 1,3-Dimethoxy-2-hydroxybenzene C8H10O3 8.15 22.76
Ketones 4.87
13 2-Cyclopenten-1-one C5H6O 5.639 3.6
14 1-(2,4-Dihydroxyphenyl)ethanone C8H8O3 0.86 0.86
15 3-Methyl-1,2-cyclopentanedione C6H8O2 9.10 0.41
Organic acids 7.14
16 Acetic acid C8H8O3 22.484 7.07
17 4-Hydroxybenzoic acid C7H6O3 10.476 9.29
18 2,4-Hexadienedioic acid C6H6O4 24.338 0.78
Furan and pyran derivatives 1.76
19 2,5-Dimethylfuran C6H8O 7.207 1.48
20 3,4-Dihydro-2-methoxy-2H-pyran C6H10O2 5.851 0.28

Table 4  Zone of inhibition and 
relative inhibition percentages 
of CACE, kanamycin and CCB 
(positive control)

Zone of inhibition (mm) Relative percentage of 
inhibition of CACE (%)

Bacterial strain CACE Kanamycin/CCB

S. aureus (ATCC 6538) 22.50 ± 0.86 35.25 ± 1.00 85.25 ± 3.82
E. faecalis (ATCC 29,212) 16.00 ± 1.00 31.33 ± 1.53 51.04 ± 0.90
E. coli (ATCC 11,229) 18.83 ± 1.04 30.33 ± 0.58 57.74 ± 3.91
P. aeruginosa (ATCC 15,442) 16.33 ± 0.57 24.33 ± 0.58 67.17 ± 3.44
Fungi strain
A. niger 52 ± 0.39 66 ± 3.65 78.79 ± 4.69
F. oxysporum 48 ± 4.86 58 ± 2.17 82.76 ± 11.06
C. albicans 58 ± 0.66 76 ± 2.54 76.32 ± 3.32
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TPC content of 451.51 ± 2.37 μg GAE/mg of AC were 
obtained at optimised parameters of final temperature of 
480 ºC, microwave power of 580 W and nitrogen flow 
rate of 2.4 L/min. Nevertheless, more studies need to be 
carried out prior to any commercialisation attempts for 
processes such as this.
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