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A B S T R A C T   

Durian rind (DR) is one of the lignocellulose-containing agro-industrial wastes abundant in many South Asian 
counties. Contributing toward a sustainable and zero waste future, DR was utilized as raw material for cellulose 
and activated carbon production. A chemical delignification method was adopted to valorize DR into cellulose, 
while carbonization and subsequent KOH activation steps were used to convert the DR into activated carbon. The 
resulting materials exhibited high adsorption capacity toward Cr6+ (154.2 and 223.3 mg/g for cellulose and 
activated carbon, respectively). The activated carbon derived from DR exhibited a faster adsorption rate of Cr6+

compared to cellulose and raw DR. The adsorption of Cr6+ by DR-derived adsorbents exhibited a monolayer 
tendency, with isotherm and kinetics data following the Khan and pseudo-second-order models. The total pro
duction cost of converting DR into cellulose and activated carbon was evaluated using life-cycle cost analysis 
(LCCA). Compared to the cellulose production, DR to activated carbon conversion requires up to 6-fold higher 
cost for energy. Based on the economic analysis, ~US$ 2.9 and US$ 4.2 were needed to convert 1 kg DR into 
cellulose and activated carbon, respectively.   

* Corresponding author. Chemical Engineering Department, Faculty of Engineering, Widya Mandala Surabaya Catholic University, Surabaya, 60114, East Java, 
Indonesia. 
** Corresponding author. School of Energy and Environment, Department of Materials Science and Engineering, City University of Hong Kong, Kowloon Tong, Hong 

Kong, China. 
*** Corresponding author. Center for Sustainable Resource Science, RIKEN, Yokohama, Japan. 

E-mail addresses: artikelisa.angkawijaya@riken.jp (A.E. Angkawijaya), sam.hyhsu@cityu.edu.hk (H.Y. Hsu), shella_p5@yahoo.com, shella@ukwms.ac.id 
(S.P. Santoso).   

1 These authors are contributed equally to this work. 

Contents lists available at ScienceDirect 

Journal of Cleaner Production 

journal homepage: www.elsevier.com/locate/jclepro 

https://doi.org/10.1016/j.jclepro.2022.135010 
Received 3 June 2022; Received in revised form 25 September 2022; Accepted 28 October 2022   

mailto:artikelisa.angkawijaya@riken.jp
mailto:sam.hyhsu@cityu.edu.hk
mailto:shella_p5@yahoo.com
mailto:shella@ukwms.ac.id
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2022.135010
https://doi.org/10.1016/j.jclepro.2022.135010
https://doi.org/10.1016/j.jclepro.2022.135010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2022.135010&domain=pdf


Journal of Cleaner Production 380 (2022) 135010

2

1. Introduction 

In the past decades, various efforts have been made to actualize 
waste reduction and achieve a zero-waste future. One of them is through 
the valorization of biomass waste thus minimize their accumulation in 
landfill (Chintagunta et al., 2021; Davies et al., 2021; Offei et al., 2021). 
Lignocellulose-containing biomass (LCB) from agro-industrial residues 
is one of the most abundant biomass waste in Southeast Asian countries 
like Indonesia. Some forms of LCB are sugarcane bagasse, rice husks, 
corn cobs, and durian rind (DR), among others, with the latter being the 
main focus of this work. Indonesia is listed among the major 
durian-producing countries along with Malaysia, Thailand, and Viet
nam, which translates to opportunities for valorizing and utilizing DR as 
a renewable resource. In an annual report by Statistic Indonesia 
(Fig. 1a), durian plantation is available in almost all provinces in 
Indonesia, with Java having the highest production capacity at 447 ± 19 
metric tons (MT) annually. Additionally, because of the increasing de
mand for durian, in 2017, the Indonesian government opened another 
5000 ha of durian plantations (Bisara and Muchtar, 2018), which 
resulted in a drastic increase in durian production in 2018. The support 
from the government accommodates the increase in the export of pro
cessed durian fruits (Fig. 1b), which consequently increases the gener
ation of its residues in the form of DR. Constituting 75–80% of the total 
fruit weight, DR at an average of 764 ± 17 MT annually could be 
generated, considering that the total durian production is 735–1374 MT 
from 2012 to 2021 (Fig. 1c). Given the large quantities of DR, its size, 
volume, and morphology, it poses disposal issues and can negatively 
impact the environment if not addressed. Thus, this work intended to 
explore the potential of DR as raw material for production of 
value-added materials. 

The conversion of waste into high-value-added products can be a 
potential economic strategy to reduce waste accumulation, maximize 
resource utilization, and develop a more competitive economy (Osman 
et al., 2020a). In this work, the sustainable features of DR are further 

explored. As a residue that is generated annually at a stable and 
increasing rate, DR is currently underutilized, but its renewable nature 
makes it a potential candidate as a sustainable resource. Carbon content 
in DR is high and is primarily from its constituent lignocellulosic com
ponents, 61% cellulose, 13% hemicellulose, and ~23% lignin (Tan et al., 
2017). Thus, it is expected that value-added materials, like cellulose 
(DR-Cel) and activated carbon (DR-AC), could be derived from DR to 
serve as bio-adsorbents. To evaluate their applicability, the materials 
derived from DR were utilized as an adsorbent for removing the toxic 
hexavalent chromium (Cr6+) (Abreu et al., 2018). The direct use of DR as 
an adsorbent for heavy metal removal has been reported before (Nga
bura et al., 2018). Despite its adsorption potential, untreated DR is prone 
to wilts and spoils during transport and storage due to high glucan and 
xylan content (Obeng et al., 2018). Thus, a suitable valorization pro
cedure is needed for efficient waste-to-product conversion and 
addressing the spoilage issue. 

Various techniques can be implemented to reduce or eliminate Cr6+

from water and wastewater, including ion exchange, membrane sepa
ration, precipitation, electrolysis, adsorption, etc. Among them, 
adsorption is the simplest and the lowest cost; this technique involves 
the direct addition of adsorbents into polluted water without requiring 
complex equipment and chemical additives. Meanwhile, the associated 
cost of initial equipment setup and/or requirements of auxiliary chem
icals makes other treatments less economically appealing (Peng and 
Guo, 2020). Although adsorption is favored for its ease of operation and 
lower operational costs, the cost and non-renewability of synthetic ad
sorbents have raised some concerns, particularly in term of its sustain
ability. To cope with this issue, several low-cost adsorbents from 
renewable materials were developed (Islam et al., 2019). In this context, 
locally available LCB residue, particularly DR, were deemed as the 
proper raw material applicable for the wastewater treatment. Addi
tionally, it would serve as a new industry which create economic gains 
and play part in environment preservation. Furthermore, although DR 
can be a promising inexpensive LCB, the method and chemicals used to 

Fig. 1. a) Production of durian fruit from each province in Indonesia from 2015 to 2019, reported by Statistics Indonesia. b) Import and export data of durian in 
Indonesia from 2012 to 2020; data were retrieved from UN Comtrade (https://comtrade.un.org/data/). c) Total production of durian fruit (https://www.pertanian. 
go.id) and the estimated rind generation based on annual durian fruit production. 
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produce the product may become the pivotal challenge in establishing a 
cost-effective approach. Herein, we demonstrated a straightforward 
economic analysis to estimate the total production cost through 
life-cycle cost analysis (LCCA), which can be an essential reference for 
evaluating the economic feasibility of a process (Wang et al., 2021). To 
the best of our knowledge, this work is the first to detail the 
Cr6+-adsorption performance and production cost analysis of DR to 
DR-based adsorbents conversion. 

2. Materials and method 

2.1. Materials 

Durian rind (DR) was collected from the local market in Surabaya, 
East Java, Indonesia; the durian was a Monthong Bali variety. The 
collected DR was directly rinsed with water, cut into small pieces, and 
dried in an oven at 70 ◦C for three days. An ACS reagent 1,5-diphenyl
carbazide (C13H14N4O), potassium hydroxide (KOH, 90% purity), sul
furic acid (H2SO4, 97% purity), and acetone (CH3COCH3, 99.5%) were 
obtained from Merck, Germany. Sodium chlorite 12% (NaClO2), acetic 
acid (CH3COOH, 98% purity), ethanol (C2H5OH, 97% purity), 
FeCl3⋅6H2O (99% purity), and K2Cr2O7 (99.5% purity) was purchased 
from SAP Chemical, Indonesia. The chemicals were used directly 
without further purification. 

2.2. Conversion of DR into cellulose (DR-Cell) 

Dried DR (40 g) was soaked in water at a mass-to-volume ratio of 
1:10 for 24 h at room temperature, then DR was reduced in size and 
pulped using a blender. Acetic acid (1 mL) and NaClO2 (2 mL) were then 
added to 100 mL DR pulp every 1 h for a total duration of 5 h –This step 
was used to weaken the lignin bonds and promote their dissolution (Gill 
et al., 2021). The DR pulp was thoroughly rinsed with tap water until the 
yellow color disappeared, and after that, pressed to remove as much 
water as possible. The bleached DR pulp was soaked in 80 mL of 17.5% 
(w/v) NaOH solution for 1 h, 5 mL of NaOH solution at the same con
centration was added at an interval of 15 min for three times. The pre
treated pulp was collected and soaked in 200 mL of 8.3% (w/v) NaOH 
solution for 15 min. Then, the pulp was collected and soaked in 200 mL 
of 10% acetic acid for 15 min to neutralize the excess NaOH and 
accelerate the next washing step. The obtained solid was washed with a 
conspicuous amount of water to remove the excess chemicals and was 
dried in an oven at 80 ◦C for two days to collect the DR-Cel. The final 
cellulose content was 79.92 ± 2.18% from 37.68 ± 0.04% initially. 

2.3. Conversion of DR into activated carbon (DR-AC) 

DR was soaked in water at a mass-to-volume ratio of 1:30 for 24 h at 
room temperature. After soaking to soften the fibers, DR was pulped 
using a blender. The resulting pulp was then dried in an oven at 80 ◦C for 
two days. The activated carbon was produced following the reported 
procedure by Ahmed et al. (2019) with slight modification. Briefly, the 
dried DR pulp was placed in a covered crucible and carbonized in a 
furnace at 500 ◦C for 2 h. The obtained chars were crushed, and the 
powder was sieved to collect particles with the size of +60/-80 mesh. 
The fine carbonized DR powder was impregnated with KOH, at a 
KOH-to-carbon weight ratio of 4:1. Activation was carried out in a 
furnace at 500 ◦C for 1 h to obtain the activated carbon DR-AC. 

2.4. Surface characterization and textural properties 

Surface morphology analysis was performed using the scanning 
electron microscopy (SEM) method using a JEOL JSM-7900F field 
emission SEM. Before analysis, the samples were coated with a Pd/Pt 
film using JEOL JEC3000FC fine coater. Crystallinity pattern analysis 
was done by applying X-ray diffraction (XRD) analysis using a Bruker D2 

Phaser X-ray diffractometer. The functional group composition was 
characterized by utilizing Fourier transform infrared (FTIR) spectros
copy using a Bio-Rad FTS-3500GX FTIR spectrophotometer; KBr was 
used as the background spectra. The porosity of the samples was 
measured using N2 sorption isotherm analysis using a Quadrasorb SI 
analyzer. 

2.5. Adsorption studies 

Adsorption studies were carried out to remove Cr6+; the initial and 
residual concentration of Cr6+ was determined by employing colori
metric using a 1,5-diphenylcarbazide reagent; the detailed procedure 
can be found elsewhere (Lace et al., 2019). The adsorption study was 
divided into three parts as follows: 

(1) Study of the effect of pH: A stock solution of Cr6+ at a concentra
tion of 2500 mg/L was prepared by dissolving K2Cr2O7 into 
water. Then, a series of 50 mL Cr6+ solutions at 250 mg/L was 
prepared by diluting the stock solution. The pH of the solution 
was adjusted from 2 to 10; then, 0.2g of adsorbent was intro
duced, and the adsorption process was carried out for 8 h. 

(2) Adsorption isotherm: A series of Cr6+ solutions at different con
centrations were prepared by diluting the stock solution. Then, 
0.2g of adsorbent was added to each flask. The adsorption was 
run for 8 h, and the residual concentration of Cr6+ was deter
mined using the colorimetric procedure.  

(3) Adsorption kinetic: A series of Cr6+ solutions at 250 mg/L was 
prepared by diluting the stock solution. Then, 0.2g of adsorbent 
was added to each flask. The residual concentration of Cr6+ was 
determined using the colorimetric procedure at a predetermined 
time. 

2.6. Adsorption analysis 

The final concentration of Cr6+ in the bulk solution after adsorption 
is expressed as Ce (mg/L). The amount of Cr6+ adsorbed by the adsor
bent is defined as Qe (mg/g), calculated by equation (1). 

Qe =
(C0− Ce)

m
× V (1)  

where C0 is the initial Cr6+ concentration (mg/L), V is the total volume 
(L), and m is adsorbent mass (g). 

The pseudo-1st-order (P1O), pseudo-2nd-order (P2O), Elovich, and 
intraparticle diffusion (IPD) models were used in describing the kinetic 
data (Revellame et al., 2020). The mathematical expression of P1O is 
given in equation (2). 

Qt =Q1
(
1 − e− k1 t) (2)  

Here, Q1 is the adsorption capacity (mg/g), and k1 is the rate constant 
(1/min). 

The P2O model can be mathematically expressed as equation (3). 

Qt =Q2
k2Q2t

1 + k2Q2t
(3)  

where Q2 is the adsorption capacity (mg/g), and k2 is the rate constant 
(g/mg min). 

The dimensionless Elovich equation is mathematically expressed as 
equation (4). 

Qt

Qref
=RE ln

t
tref

+ 1 (4)  

where Qref is the measured adsorption capacity (mg/g) at tref, with tref 
being the longest time in the adsorption system. RE is the dimensionless 
equilibrium constant. 
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The non-linear IPD model can be carried out by applying equation 
(5). 

Qt

Qref
= 1 − RIPD

[

1 −
(

t
tref

)1/2
]

(5)  

where RIPD is an initial adsorption factor. 
Four adsorption isotherm models were tested in describing and un

derstanding the distribution of Cr6+ molecules between the bulk solu
tion and solid phase at equilibrium, namely Langmuir, Freundlich, 
Khan, and Dubinin-Randushkevich (Al-Ghouti and Da’ana, 2020). The 
mathematical form of the Langmuir equation is expressed in equation 
(6). 

Qe =QLang
KLangCe

(
1 + KLangCe

) (6)  

QLang is the predicted maximum adsorption capacity (mg/g), and KLang is 
the Langmuir adsorption constant (L/mg). 

The mathematical expression of the Freundlich model is shown by 
equation (7). 

Qe =KFrC1/nFr
e (7)  

KFr is the Freundlich constant related to the adsorption capacity 
((mg /g)(L/g)1/nFr ), and nFr is an empirical constant related to the 
adsorption intensity. 

The form of the Khan isotherm equation is shown by equation (8). 

Qe =QK
KKCe

(1 + KKCe)
nK (8)  

QK (mg/g) is the maximum adsorption capacity (mg/g), nK is the model 
exponent, and KK is the model constant. 

Equation (9) shows the mathematical form of the Dubinin- 
Randushkevich model. 

Qe =QDRe− BDRε2 (9)  

ε=RT ln
(

1+
1

Ce/Cs

)

(10)  

E =
1
̅̅̅̅̅̅̅̅̅̅
2BDR

√ (11)  

QDR is the maximum adsorption capacity (mg/g), BDR (mol2/kJ2) is the 
constant related to the adsorption energy, ε (kJ/mol) is adsorption po
tential which is calculated as equation (10), R is the ideal gas constant 
(8.314 J/mol K), T is the absolute temperature (K), Cs represents the 

solubility (mg/L), and E (kJ/mol) is the mean free energy. 

3. Results and discussion 

3.1. Material characterization 

The difference morphology and surface properties of DR, DR-Cel, and 
DR-AC were evaluated using characterization techniques including 
SEM, N2 sorption isotherm, XRD, and FTIR. The surface morphology of 
the samples, as revealed by SEM imaging, is presented in Fig. 2. The DR 
appears to have several slab-like layers with a fairly smooth surface due 
to the wax content, and no porous structure is observed (Fig. 2a). In 
contrast to DR, DR-Cel has a more fibrous appearance (Fig. 2c) which 
can be attributed to the pulping process and subsequent removal of 
lignin and hemicellulose. Fig. 2b and d compare the morphology of DR 
and DR-Cel fiber. DR-Cel fibers look rougher than DR fibers due to the 
loss of lignin and wax during alkali treatment, which causes cracking 
(highlighted by yellow arrows in Fig. 2d). A similar phenomenon was 
reported by Obeng et al. (2021). The carbonization process of DR pro
duces DR-AC with channels resembling pores that are visible from the 
fractured material (Fig. 2e). The other part of the DR-AC (Fig. 2f) only 
shows the appearance of particles with a rough surface without any 
unique morphological characteristics. 

The functional group content in DR, DR-Cel, and DR-AC was 
described in FTIR spectra in Fig. 3a. DR and DR-Cel have similar FTIR 
spectra; however, some peaks are slightly shifted and have different 
intensities. For DR and DR-Cel, the broad peak at near 3350 cm− 1 can be 
assigned to the O-H stretching vibration of alcohol groups derived from 
lignin, cellulose, and hemicellulose. The peak at ~2900 cm− 1 for DR and 
DR-Cel corresponds to the symmetric C-H stretching vibration of the 
alkene groups. The peak at 1603 and 1634 cm− 1 for DR and DR-Cel, 
respectively, are associated with aromatic ring vibration of lignin and 
extractives. The peak at 1254 cm− 1 in DR spectra corresponds to O-H in- 
plane bending of the lignin; this peak disappears in the DR-Cel spectra, 
implying the reduced lignin content. The peak at ~890 cm− 1 in DR and 
DR-Cel is associated with the C-H rocking. The characteristic band of 
DR-Cel agrees with the reported literature (Javier-Astete et al., 2021). In 
DR-AC spectra, two spectra peaked at 3680 and 2630 cm− 1 is attributed 
to the stretching vibration of the O-H group of alcohol, phenols, and 
carboxylic acid. Another spectrum found at wavenumber 1658 cm− 1 

represents the C=O stretching vibration. The peak at 1412 cm− 1 can be 
attributed to the bending vibration of O-H. The peak at 979 cm− 1 is 
assigned to the out-of-plane deformation mode of C-H of the benzene 
ring. The peak at 2900 cm− 1 observed in DR and DR-Cel disappeared in 
DR-AC, possibly due to the loss of hydrocarbon content during carbon
ization (Ukkakimapan et al., 2020). 

The diffractogram of DR, DR-Cel, and DR-AC are given in Fig. 3b. DR 

Fig. 2. The surface morphology of DR, DR-Cel, and DR-AC at different sections of the material.  
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mainly displayed an intense peak at 21.9◦, corresponding to the [200] 
crystal plane of cellulose. The diffractogram of DR-Cel shows two peaks 
related to the crystallographic planes of cellulose in the direction of 
15.8◦ and 22.2◦, in accordance with the Bragg angles at 15.0◦ (plane 
[110]) and 22.8◦ (plane [200]) as indicated from International Centre 
for Diffraction Data (ICDD) with JCPDS number 50–2241. In addition, a 
peak at 34.9◦ associated with the crystal plane [004] was observed for 
DR-Cel, similar to that reported by Pusty and Shirage (2020). The 
observed crystallinity pattern of DR-AC was significantly different from 
that of DR and DR-Cel. Two sharp peaks were observed at 25.8◦ and 
43.5◦, corresponding to the crystal planes [200] and [101], respectively; 
this pattern is in good agreement with the AC from hemp straw reported 
by Shi et al. (2018). 

The BET model was applied to evaluate the N2 sorption isotherm for 
the DR, DR-C, and DR-AC (Fig. 3c). DR and DR-Cel show a type II 
isotherm, typical for non-porous materials. A significant change in the 
shape of the isotherm curve was observed after the DR was converted to 
DR-AC. DR-AC shows a type IV isotherm curve with hysteresis, indi
cating the presence of micropores and mesopores (Sotomayor et al., 
2018). The existence of the micropore structure is further emphasized by 
the steep micropore filling section at low p/p0. The BET modeling 
revealed the specific surface area (as) of DR, DR-Cel, and DR-AC, that is, 
0.57, 0.64, and 991 m2/g, respectively. The carbonization of DR into 
DR-AC created microporous and mesoporous structures of the material, 
which led to a significant increase in the as. The as of biomass-based AC 
is varied as it is influenced by the type of original biomass and activating 
agent (Supplementary Information Table S1). The acid-activated AC 
exhibits a very high as, for example, the durian rind AC activated with 
HCl has as of 1015 m2/g, the fox nutshell AC activated with H3PO4 has as 
of 2363 m2/g. Meanwhile, the base-activated AC exhibits lower as 
(226–1305 m2/g). The AC from Brewer’s spent grain with subsequent 
H3PO4 and KOH activation exhibits as of 692.3 m2/g. It is noted that the 
as of activated carbon from DR produced in this work is comparable to 
that reported. 

3.2. Adsorption study 

3.2.1. Effect of pH and initial adsorbate concentration 
The change of pH influences the surface charge of the adsorbent and 

the speciation of the adsorbate, which in response, may affect the 
adsorbate-adsorbent interaction. The effect of pH on the removal effi
ciency (%removal) of Cr6+ by DR, DR-Cel and DR-AC is shown in Fig. 4a. 
Optimum Cr6+ removal was observed at an initial pH of 2 for all ad
sorbents, and it decreased with the increase in initial pH from 2 to 10. 
This phenomenon can be attributed to the tendency of pH-dependent 
properties of Cr6+ and adsorbents (Anthony and Oladoja, 2021). At 
acidic pH, there is a high number of H+ in the solution (Mudasir et al., 
2020); thus, the surface charge of the adsorbent tends to be positive. On 
the other hand, the Cr6+ ion is present in an anionic form in all pH 
ranges; specifically, HCrO4

− and Cr2O7
2− at pH < 6 and CrO4

2− at pH > 6. 
Underlining these conditions, the adsorbent and Cr6+ were present in 
opposite charge that promotes their interaction at acidic pH. The 
adsorbate and adsorbent at alkaline pH tend to be negatively charged, 
and therefore, higher repulsion interaction and less adsorption occur. 

Fig. 4b shows the effect of the initial concentration of Cr6+ on the % 
removal. A high %removal (~90%) can be reached at any initial con
centration up to 100 mg/L. However, this efficiency gradually decreased 
as the initial concentration of Cr6+ was increased (>100 mg/L). This 
phenomenon can be attributed to the limited number of adsorbent 
adsorption sites. At a high initial concentration, the amount of Cr6+

exceeds the number of adsorption sites so that not all can be accom
modated, resulting in a decrease in the % removal. Once equilibrium is 
reached, the absorption of excess adsorbate molecules is delayed 
because the adsorbent is saturated. At a low initial concentration, the 
amount of Cr6+ present in the solution is proportional to the number of 
adsorption sites of the adsorbent. Therefore, almost all Cr6+ ions can be 
accommodated. 

3.2.2. Kinetic study 
The effect of contact time on the equilibrium adsorption capacity of 

Fig. 3. Characterization of durian rind DR, DR-Cel, DR-AC. a) FTIR spectrum. b) XRD crystallinity pattern. c) N2 sorption isotherm curve and the BET parameters.  
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Cr6+ by each adsorbent was evaluated through a kinetic study (Fig. 5). A 
steep increase in Qt was observed within 100 min of contact, indicating 
rapid adsorption for all adsorbents due to the high affinity as all 
adsorption sites were vacant. It is worth noting that there is a steeper 
increase in the Qt of DR-AC compared to DR and DR-Cel, indicating the 
faster adsorption of Cr6+ onto DR-AC. The Qt of Cr6+ onto DR-AC 
reached its equilibrium (130 mg/g) and plateaued after 100 min. On 
the other hand, a gradual increase of Qt was still observed for DR and 
DR-Cel up to 400 min, and the adsorption equilibrium of DR (105 mg/g) 
and DR-Cel (110 mg/g) was only achieved after 480 min. The faster 
adsorption rate of DR-AC might be attributed to its greater as (~1600- 

fold) compared to DR and DR-Cel (refer to Supplementary Information 
Table S1), thus, allowing better contact with the Cr6+ ions. The kinetic 
data fitting using P1O, P2O, Elovich, and IPD models was used to 
evaluate the adsorption rate and rate-limiting step of each adsorbent 
(Agbovi and Wilson, 2021); the kinetic data and its fittings are shown in 
Fig. 5. The calculated parameters based on the models are presented in 
Table 1. The adsorption of Cr6+ by DR, DR-Cel, and DR-AC correlated 
well to P2O than P1O, which was indicated by higher R2 and lower SSE 
values. 

The solid fitting-line of P2O passing through all the kinetic data 
points, further confirms the high correlation of the model; on the other 

Fig. 4. Adsorption system of Cr6+ using DR, DR-Cel, and DR-AC as adsorbents. a) Effect of pH (1000 mg/L, 30 ◦C, 8h) and b) effect of initial sorbate concentration 
(30 ◦C, pH 2, 8h). 

Fig. 5. Kinetic adsorption of Cr6+ using DR, DR-Cel, and DR-AC. The solid lines show the data fitting using kinetic models of a) P1O, b) P2O, c) non-linear Elovich, 
and d) non-linear IPD and linear IPD (inset figure). 
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hand, the P1O model fitting under or overestimates the experimental 
data points close to equilibrium. The rate constant of Cr6+ adsorption by 
DR, DR-Cel, and DR-AC was assessed based on the time-scaling factor of 
the P2O model (k2), and the adsorption rate followed the order DR-AC >
DR-Cel > DR. The faster adsorption by DR-AC was attributed to micro- 
and mesoporous structures that enable more efficient contact with Cr6+. 
The kinetics adsorption data were further evaluated using the Elovich 
dimensionless parameters, RE. All adsorbents showed a RE value of 0.3 >
RE > 0.1 which corresponds to zone II of mildly rising adsorption (Wu 
et al., 2009a,b). The lower RE indicates that the system is faster in 
reaching equilibrium. The RE of DR-AC is the lowest compared to DR-Cel 
and DR, implying the faster uptake of Cr6+, in good agreement with the 
P2O model. 

The dimensionless initial adsorption factor of the IPD model (RIPD) 
describes the initial adsorption behavior of an adsorbent (Wu et al., 
2009a,b), where the RIPD of DR is 0.990, indicating slow initial 
adsorption. The RIPD of DR-Cel is 0.871, displaying an intermediate 
initial adsorption behavior. The RIPD of DR-AC is 0.531, indicating rapid 
initial adsorption. The linear-IPD model fitting was employed on the 
kinetic adsorption data to evaluate the mass transfer steps (Wang and 
Guo, 2020). The first segment with a steep slope can be attributed to the 
external surface adsorption between the hydrated adsorbent and the 
outermost adsorption sites. The diffusion rate constant of the first 
segment (ki,1) follows the order of DR-AC > DR-Cel > DR. The negative 
intercept (Ci,1) for DR and DR-Cel indicates the presence of internal film 
diffusion, which creates a boundary layer effect (Wu et al., 2009a,b), 
leading to slower solute uptake. The second segment is the gradual 
adsorption step which occurs as the solute moves towards smaller pores; 
thus, the uptake was slowed down (Schwaab et al., 2017). In this second 
segment, ki,2 for DR and DR-Cel are higher than DR-AC, indicating the 
faster solute uptake by DR and DR-Cel. This can be attributed to the 
swelling phenomenon of the DR and DR-Cel polymer chains due to 
extended hydration time. Swelling of polymer chains causes surface 
pores to expand (Ha et al., 2018), thus, creating a greater surface area of 
the adsorbent and increasing the Cr6+ uptake. The third linear segment 

was observed for DR and DR-Cel ascribed to the internal film diffusion. 

3.2.3. Isotherm study 
The isotherm study reveals the equilibrium behavior of solute or 

adsorbate, which is crucial for designing an efficient adsorption system. 
The isotherm data for Cr6+ uptake by DR, DR-Cel, and DR-AC at 30 ◦C 
and their isotherm model fitting are presented in Fig. 6. The parameters 
from Langmuir, Freundlich, Khan, and Dubinin-Radushkevich fitting are 
given in Table 2, with the Khan isotherm model providing the highest fit 
to the three adsorption systems, as indicated by the high R2 and lower 
SSE. The maximum adsorption capacity for Cr6+ follows the order of DR- 
AC > DR-Cel > DR, with QK 223.3, 154.2, and 124.5 mg/g, respectively. 
The high adsorption capacity of DR-AC is attributed to its micro- and 
mesoporous structure. The higher KK parameter for DR-AC than DR and 
DR-Cel indicates that this adsorbent has a higher adsorption affinity for 
Cr6+. This also explains the faster Cr6+ adsorption rate by DR-AC 
compared to DR and DR-Cel (as described previously in kinetic 
studies). The exponential parameter nK exhibits a value of ~1 for all 
systems, approach to unity, indicating homogenous adsorption behavior 
of Cr6+ by DR, DR-Cel, and DR-AC. Dubinin-Randushkevich model was 
employed to estimate the mean free energy (E) of the adsorption sys
tems. The calculation on the E parameter of all adsorbents shows the 
value < 8 kJ/mol, suggesting the physical adsorption feature of the 
systems (Zhou et al., 2021). 

The Qmax of DR, DR-Cel, and DR-AC toward Cr6+ is comparable to 
that of other biomass-derived adsorbents (Supplementary Information 
Table S2). The Qmax of DR (124.5 mg/g) falls short compared to the 
Carob waste (212.4 mg/g), which might be attributed to the different 
porosity of the two biomasses. Bouaouina et al. (2022) showed that the 
Carob waste is a mesoporous material; meanwhile, the DR tends to be 
non-porous and therefore has a smaller Qmax. Nevertheless, DR waste is 
deemed more economically valued due to its local availability in 
Indonesia; here, DR waste is under-appreciated and in greater abun
dance than Carob waste. Unlike the DR, the DR-Cel possesses greater 
Qmax (154.2 mg/g) than other celluloses, for example, the waste cotton 

Table 1 
Calculated parameters of P1O, P2O, Elovich, and IPD models for the adsorption of Cr6+ on DR, DR-Cel, and DR-AC.  

Model Parameter Adsorbent 

DR DR-Cel DR-AC 

P1O Q1 (mg/g) 105.4 ± 1.333 105.9 ± 2.585 131.7 ± 1.687 
k1 (min-1) 0.012 ± 0.001 0.013 ± 0.001 0.050 ± 0.003 
R2 0.993   0.972   0.979   
SSE 147.5   565.5   385.5   

P2O Q2 (mg/g) 123.9 ± 1.901 124.7 ± 2.407 138.6 ± 0.862 
k2 (g/mg min) × 104 1.103 ± 0.008 1.119 ± 0.010 6.322 ± 0.029 
R2 0.995   0.992   0.997   
SSE 103.8   170.3   62.01   

Elovich RE 0.288 ± 0.006 0.243 ± 0.005 0.114 ± 0.012 
R2 0.991   0.992   0.944   
SSE 0.012   0.008   0.052   

IPD RIPD 0.990 ± 0.103 0.871 ± 0.091 0.531 ± 0.057  
R2 0.972   0.938   0.944    
SSE 0.057   0.099   0.398    
First segment  
Ci,1 − 20.34 ± 2.784 − 24.21 ± 2.900 29.44 ± 4.838  
ki,1 9.965 ± 0.508 11.18 ± 0.490 12.15 ± 0.818  
R2 0.990   0.990   0.978    
SSE 7.340   13.89   38.66    
Second segment  
Ci,2 25.56 ± 0.293 40.99 ± 1.504 121.4 ± 0.824  
ki,2 4.577 ± 0.027 3.239 ± 0.092 0.621 ± 0.043  
R2 1.000   0.996   0.962    
SSE 0.012   2.116   2.208    
Third segment  
Ci,3 86.59 ± 2.916 65.45 ± 7.432 –  
ki,3 0.893 ± 0.142 1.041 ± 0.320 –  
R2 0.865   0.952   –  
SSE 6.339   0.342   –  
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cellulose (82 mg/g), bacterial cellulose (5.13 mg/g), and 
styrene-modified cellulose microsphere (123.4 mg/g). However, the 
Qmax of DR-Cel is lower than the one modified using magnetic nano
particles (171.5 mg/g). Despite the slightly lower Qmax (~10% lower), 
the preparation of DR-Cel is less complex, with no additional 

modification steps; thus, it is economically sound. Similarly, DR-AC has 
superior Qmax (223.2 mg/g) comparable to or even higher than some of 
the other presented AC adsorbents, e.g., granular AC (45.2 mg/g), dried 
red algae AC (66 mg/g), Enteromorpha prolifera AC (88.17 mg/g), and 
glucose/dodecylbenzene sulfonate AC (230.15 mg/g). 

Fig. 6. Isotherm adsorption system of Cr6+ using DR, DR-Cel, and DR-AC as adsorbents. The solid lines show the data fitting using various kinetic models: a) 
Langmuir, b) Freundlich, c) Khan, and d) Dubinin-Randushkevich. 

Table 2 
Calculated parameter of Langmuir, Freundlich, Khan, and Dubinin-Randushkevich isotherm model for adsorption of Cr6+ on DR, DR-Cel, and DR-AC.  

Model Parameter Adsorbent 

DR DR-Cel DR-AC 

Langmuir QLang (mg/g) 138.0 ± 4.156 159.3 ± 9.254 214.7 ± 4.064 
kLang (L/mg) 0.015 ± 0.002 0.017 ± 0.001 0.039 ± 0.005 
R2 0.991   0.978   0.992   
SSE 559.7   771.3   779.5   

Freundlich KFr (L/g) 9.474 ± 2.890 5.455 ± 1.785 27.77 ± 4.863 
nFr 2.426 ± 0.305 2.013 ± 0.215 3.212 ± 0.286 
R2 0.915   0.945   0.968   
SSE 2557   1922   3185   

Khan QK (mg/g) 124.5 ± 62.55 154.2 ± 30.60 223.3 ± 6.030 
KK 0.011 ± 0.008 0.013 ± 0.004 0.095 ± 0.008 
nK 0.868 ± 0.182 1.047 ± 0.086 0.869 ± 0.009 
R2 0.977   0.991   0.999   
SSE 701.9   251.8   48.81   

Dubinin-Radushkevich QDR (mg/g) 128.0 ± 6.003 148.2 ± 13.58 223.0 ± 5.587 
BDR (mol2/J2) × 105 8.980 ± 0.005 8.370 ± 0.009 5.020 ± 0.008 
Cs (mg/L) 453.1 ± 229.0 1088 ± 760.3 1243 ± 452.9 
E (kJ/mol) 0.075   0.077   0.099   
R2 0.992   0.975   0.997   
SSE 190.6   713.5   286.1    
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3.3. Cost analysis 

An economic assessment of a production system can provide an 
overview of the potential economic profitability of the system. The 
economic evaluation is carried out by adopting the LCCA (Wang et al., 
2021) with several modifications. Specifically, the evaluation is applied 
to several interdependent phases, i.e., raw material cost (RMC), trans
portation cost (TC), and processing cost (PC), which are represented in 
the following Eq. (12).  

LCC = RMC + TC + PC                                                               (12) 

The RMC includes purchasing raw materials from local waste 
disposal sites, chemicals (calculated separately in Table 3), and labor 
costs for manual collection. The TC consists of the cost of transporting 
raw materials and chemicals to the factory site. The PC was calculated as 
the total power requirement for the pretreatment and processing step, 
including the scenario of mixing, carbonization, activation, and drying. 
All calculation was performed using 1 ton of raw material as the basis. 
The steps in producing DR-Cel and DR-AC from DR are based directly on 
laboratory-scale methods (as mentioned in Sections 2.2 and 2.3). 

The cost of raw materials and chemicals was evaluated as the direct 
operating costs (DOC), as presented in Table 3. The results of the DOC 
analysis show that it takes a cost of US$ 2.3 to provide chemicals to 
process 1 kg of DR into DR-Cel. Meanwhile, US$3.6 was required for 
providing the chemicals needed in DR-AC production, which is US$ 1.3 
higher than DR-Cel. The subsequent cost estimation by LCCA shows that 
the raw material cost has the most significant proportion in the cost 
component, ~80% of the total cost. The second-largest cost component 
is transportation; nevertheless, this cost can be minimized by purchasing 
chemicals from local suppliers. In DR-AC production, the cost of elec
tricity required to run the primary process step (carbonization) is higher 
than that of DR-Cel. The cost of electricity needed to produce DR-AC is 
US$ 30.34 from 1 ton of DR, which is ~6 times higher than DR-Cel. 
Based on the LCCA in Table 4, the cost of processing 1 ton of DR into 
DR-Cel is approximately US$ 2848.23, equivalent to US$ 2.9/kg. 
Meanwhile, to process 1 ton of DR into DR-AC, a cost of US$ 4219.63 
(US$ 4.2/kg) is required, which is 1.5 times higher than DR-Cel. 

The price of AC from the Chinese market varies between US$1.8 to 
5.2 per kg, while cellulose fiber is from US$1.7 to 4.0 per kg; thus, the 
estimated product cost of this work still falls within the market price 
range. It is also worth mentioning that when cost minimization is 
needed, raw materials requiring less chemical processing can be 
selected. For example, a simple alkaline treatment using 8% NaOH is 

needed to purify cellulose from kapok (Zhang et al., 2022); a smaller 
amount of chemicals is required to obtain cellulose from coconut husk 
(Thinkohkaew et al., 2020). Meanwhile, to minimize the cost of mate
rials in producing AC, the substitution of the KOH activation method by 
using cheaper compounds or acids can be done. In addition, the use of 
low-value waste also can reduce the cost of raw materials. for instance, 
several studies have reported the use of Brewer’s spent grain (Osman 
et al., 2020a), herbaceous biomass (Osman et al., 2020b), spent coffee 
grounds (Mukherjee et al., 2022), organic fertilizers (Osman et al., 
2022), etc. It is important to note the limitations of the above economic 
assessment, i.e., raw material and energy costs are closely related to 
inflation variables and resource costs in each country, so the calculation 
of production costs per ton of the raw materials used may vary 
depending on the market in each region. The economic evaluation in 
this study was carried out within the scenario with system boundaries, as 
given in Table 4. Alternative strategies (to minimize production costs), 
process optimization, reusability scenario, and life cycle carbon scenario 
were not included in this study. 

The intermittent approach demonstrated by Penjumras et al. (2014) 
was applied to produce DR-Cell. This approach involves a stepwise 
attack on the hydrogen bonds of the lignocellulosic chains. For example, 
in the removal of lignin with NaOH solution: the first addition of NaOH 
solution gives hydroxyl ions to attack the hydrogen bonds and cause the 
bonds to weaken. As fresh NaOH solution is added, the next addition, 
new hydroxyl ions appear to attack the hydrogen bonds again. The 
effectiveness of intermittent addition vs. one-time addition of reagent in 
producing higher purity cellulose can be carried out in another detailed 
study. Meanwhile, carbonization was employed to prepare the DR-AC. 
This technique can be considered a cleaner production strategy for 
producing activated carbon; the oxygen-free combustion of this tech
nique can mitigate NOx and SOx emissions (Osman, 2020). 

4. Conclusion 

Upcycling of DR biomass waste into DR-Cel and DR-AC were re
ported here. The resultant DR-derived materials showed adsorption 
potential with their uptake rate and capacity of Cr6+ follow the order of 
DR-AC > DR-Cel > DR. The economic analysis indicates that raw ma
terials and chemicals contribute the highest portion of the cost compo
nent. The carbonization process in the production of DR-AC requires 
high electrical consumption, impacting its power cost, whereas the 
mixing process for DR-Cel production requires low power. In this work, 
DR-Cel and DR-AC were prepared by directly adopting the previously 
reported methods without considering optimization or alternative 
techniques, which can be associated with high production costs. 
Nevertheless, both DR-Cel and DR-AC showed comparable adsorption 
capacities than previously reported adsorbents. Future in-depth studies 
should be carried out on the techno-economic assessment of various 
alternative strategies that can produce products with equivalent (or 
better) properties but at lower costs. 
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Table 3 
The direct operating cost for scaled-up production of cellulose and activated 
carbon from durian rind.  

Material Specificationa Price 
(US 
$/kg) b 

Amountc Total price (US$) 

Cellulose Activated 
carbon 

Durian 
rind 
(DR)  

0.344d 1 kg 0.344 0.344 

NaClO2 25% 0.550 1 L 0.550 – 
CH3COOH 99.9% 0.590 2 L 1.180 – 
NaOH 99% 0.310 0.66 kg 0.204 – 
KOH 90% 0.820 4 kg – 3.280 

Total DOC 2.278 ≈
2.3 

3.624 ≈
3.6  

a Industrial grade material specifications. 
b Price was based on Made-in-China, Focus Technology Co., Ltd. 

(https://www.made-in-china.com). 
c The scale-up was based on the experimental procedure in sections 2.2 and 

2.3. 
d Price of durian rind was according to Indonesia market, with conversion rate 

1 US$ = IDR 14,661. 
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Table 4 
Life-cycle cost analysis approach for scaled-up production of cellulose and activated carbon from durian rind.  

Scenario Cellulose production Activated carbon production 

Unit 
price 
(US$) 

Qty. Total cost (US$) Description  Unit 
price 
(US$) 

Qty. Total cost (US$) Description 

Raw material 
and chemicals 

2278 – 2278 Raw material and 
chemicals as listed in  
Table 1, with scale up to 
1 ton of DR  

3624 – 3624 Raw material and 
chemicals as listed in  
Table 1, with scale up to 1 
ton of DR 

Transportation 
(1) 

75 1 ton, 
250 km 

75 Logistic price for 
transporting ≤5 tons and 
distance 250 km  

75 1 ton, 250 
km 

75 Logistic price for 
transporting ≤5 tons and 
distance 250 km 

Manual 
collection 

10 2 labors 20 Salary for 2 workers for 
manual collection of DR  

10 2 labors 20 Salary for 2 workers for 
manual collection of DR 

Transportation 
(2) 

450 – 450 Import tariffs taking into 
account ocean freight 
rates from China to 
Indonesia, with an 
expedition time of 8 days  

450 – 450 Import tariffs taking into 
account ocean freight 
rates from China to 
Indonesia, with an 
expedition time of 8 days 

Electricity cost in Pretreatment 
Crushing 0.079/ 

kWha 
P = 22 
kWh t =
10 min 
C = 10 t/h 

0.29 1 unit of hammer crusher 
was used to cut the DR 
into smaller pieces  

0.079/ 
kWha 

P = 22 
kWh t =
10 min 
C = 10 t/h 

0.29 1 unit of hammer crusher 
was used to cut the DR 
into smaller pieces 

Electricity cost in Processing 
Mixing (1) 0.079/ 

kWha 
P = 1.1 
kWh t =
300 min 
C = 2000 
L 

0.44 Mixing of DR with 
NaClO2 and CH3COOH.      

Mixing (2) 0.079/ 
kWha 

P = 1.1 
kWh t =
120 min 
C = 2000 
L 

0.17 Mixing treated DR with 
NaOH.      

Drying – – – –  0.079/ 
kWha t 
= 240 
min 
C =
1000 L 

P = 12 
kWh 

3.73 Drying process to 
minimize water content 

Carbonization – – – –  0.079/ 
kWha 

P = 100 
kWh t =
120 min 
C = 850 L 

15.80 Carbonization at 500 ◦C. 

Activation – – – –  0.079/ 
kWha 

P = 1.1 
kWh t =
60 min 
C = 2000 
L 

0.09 Impregnation with KOH 

Drying 0.079/ 
kWha t 
= 240 
min 
C =
1000 L 

P = 12 
kWh 

3.73 Drying process to obtain 
dried cellulose  

0.079/ 
kWha 

P = 100 
kWh t =
60 min 
C = 850 L 

7.90 Char activation at 500 ◦C 

Utilityb 1.080/ 
m3b 

0.115 m3 0.13 The cost of water for 
pretreatment and 
processing. The total 
volume of water is 115 L  

1.080/ 
m3b 

0.034 m3 0.04 The cost of water for 
pretreatment and 
processing. The total 
volume of water is 34 L 

Energy loss 0.079/ 
kWh 

– 0.47 The energy loss was 
estimated as 10% of the 
total power  

0.079/ 
kWh 

– 2.78 The energy loss was 
estimated as 10% of the 
total power 

Other – – 20.00 Considering additional 
costs manual filling 
material, pickup, etc.    

20.00 Considering additional 
costs manual filling 
material, pickup, etc.   

2848.23 The estimated 
total cost for 
processing 1 ton 
of DR into 
cellulose    

4219.63 The estimated 
total cost for 
processing 1 ton of 
DR into activated 
carbon   

a Tariff for industrial electrical per kWh, for usage more than 200 kVA 
b Tariff for industrial water per m3 for usage 0–10 m3. 
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