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a b s t r a c t
Experimental realization was carried out using available activated carbon pine cone powder (ACPP) as 
alternative adsorbent for characterized and removal of total organic carbon (TOC) from laundry aque-
ous solutions, phosphoric acid as an activated factor and microwave as heating source. X-ray diffraction 
(XRD) spectrum, Fourier-transform infrared spectrometry (FTIR), nitrogen adsorption–desorption 
isotherms and Brunauer–Emmett–Teller specific surface area and field emission scanning electron 
microscopy (FESEM) were used to study the surface properties of the ACPP. Using microwave irradia-
tion gives rise to decrease of operation time, savings and homogeneous heating of samples, as opposed 
to furnace heating. The effects of heat methods, H3PO4 concentration, microwave radiation power, 
microwave radiation time, temperature, initial TOC concentration, ACPP dosage, primary solution pH 
and soaking time were experimentally studied by batch method to estimate the adsorption capacity, 
kinetics and equilibrium. The chemical composition of ACPP before and after the modified form is 
discussed in relation to the XRD, FTIR, SEM and specific surface area results. The results showed that 
the surface and chemical composition of ACPP samples were modified by H3PO4 under microwave 
radiation are changed after modification. Experimental results showed that the highest removal effi-
ciency and adsorption capacity for removal of TOC took place at basic pH and concentration of 20% 
of H3PO4. The TOC uptake process obeyed the pseudo-first-order kinetic expression and was best 
qualified by the Langmuir isotherm. Thermodynamic studies revealed that TOC adsorption on ACPP 
was exothermic and also spontaneous in nature. The results showed that pine cone could be used as a 
low-cost alternative for removal of TOC from laundry water.

Keywords: Pine cones; Laundry water; Total organic carbon; Adsorption; Alternative biomaterial

1. Introduction

Water is an infinite resource, but unfortunately, the 
concentration of toxic contaminants in water and wastewater 
has increased due to several industrial processes as well as 
mining activities [1]. In addition, there is a high level of con-
sumption water such as grey water. The terms ‘diluted’, ‘light’ 
or ‘grey’ water refer to wastewater produced in residential 

areas, from households, office buildings and schools, and 
industrial wastewater, but it does not include wastewater pro-
duced from toilets or any highly contaminated process water. 
Household wastewater is produced from baths, laundry, and 
dishwashers and is estimated to represent around 74% of the 
residential sewage volume [2]. Water that has been used as 
grey water or household water carries a lot of chemical com-
pounds and chemical pollution. However, if separated from 
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black water, grey water can be treated since fewer pollutants 
are found in laundry water than in grey water [3]. Total vol-
ume of laundry water has around one third from grey water [4].

The xenobiotic organic compounds that are probable to 
be present in grey water represent a heterogeneous group of 
compounds stemming from household chemicals and per-
sonal care products, such as detergents, soaps, shampoos 
and any cleaning product [1]. The laundry water will include 
different types of detergents, bleaches and perfumes. As an 
example, there are at least 900 different organic chemicals 
compounds and compound groups as detergents found in 
Danish household products [5].

Therefore, it has an enormous potential to be reused 
in irrigation because it contains less pollution compared 
with grey water resulting from kitchen and bathroom [6]. 
The quality of laundry water differs amongst families, 
depending on the type of washing machine used, the type of 
washing powder used, the amount of detergent used and the 
degree of the soiled clothes that are being washed. Laundry 
grey water is typically alkaline and it has high sodium con-
centrations, high levels of phosphorus and high suspended 
solid concentrations as well as may contain excessive fecal 
coliforms [3]. The stability and hydraulic characteristics of 
soils that constantly receive laundry water can be adversely 
affected by the chemicals present in laundry water, especially 
sodium [7]. In addition, there are many compounds found in 
some nitrogen and phosphorous compounds which, mixed 
with high amounts of organic matter (total organic carbon, 
TOC), will affect the chemical oxygen demand and biochem-
ical oxygen demand, therefore affecting plant growth by 
providing delivering plant support, nutrients, water require-
ment and aeration oxygenation [8]. Thus, removal of TOC 
from water and wastewater is paramount in protecting the 
environment [9]. 

There are physical and chemical methods, which can 
be used to remove organic matters and compounds from 
wastewater. Laundry water can be treated by applying a 
number of different methods [10]. This includes chemical 
treatment, sedimentation, biological treatment and adsorp-
tion [11]. The most widely used method to remove heavy 
metals and colour is adsorption [12]. Adsorption is a rel-
atively new technique and has gained a great amount of 
attention since it has shown to be extremely hopeful in the 
removal of contaminants from effluents in an environmen-
tal friendly manner [13]. Bio-sorbents are generally cheap 
because they are naturally abundant or found as waste mate-
rial resulting from certain processes. Moreover, adsorption 
related to carbon chain that has two parts, one as hydrophilic 
and one as hydrophobic, depends on the surface area [14,15]. 
The traditional adsorption methods to remove pollutants 
from water are based on activated carbon and zeolites; also 
a new alternative with lower costs could use new material, 
such as pine cones [16,17].

The properties of physical and chemical surface of 
activated carbon depend on the biomaterial, the method 
of manufacturing and, more considerably, the heating 
mechanism [10]. However, the use of conventional heating 
techniques costs consumption of time, gas, and increases 
energy so as to keep a relatively high temperature of heated 
material. Furthermore, carbon will be damaged, as a result 
of heating and cooling cycles, and requires additional 

treatment. Microwave radiation has been effectively uti-
lized for preparation and modification of activated carbons. 
Reduced processing time and energy consumption, regular 
temperature, and swift temperature rise are the qualities of 
this method in comparison with conventional heating meth-
ods [10,18]. In terms of health, the use of the microwave 
radiation ovens is safe whereas the main danger posed is 
one of proximity. A Federal standard guideline limits the 
amount of microwaves that can leak from an oven through-
out its lifetime to 5 milliwatts (mW) of microwave radiation 
per square centimeter from the oven surface [19].

The major challenge of this work consists in finding out 
how to contribute to reduce the amount of TOC in laundry 
water that is not possible to be reutilized for crop irrigation, 
due to TOC negative effects on soils. Since total carbon has 
effect on microscopic soil properties, such as total soil car-
bon having connection with porosity, saturation percentage, 
and pore roughness, and because water and solute transport 
has effect by pore roughness, higher complexity of the pore 
space leaves more water in the soil, which may increase soil 
water residence and reduce plant water stress, which means 
that it can affect the soil structure and crop production [20]. 
TOC is one of the most significant parameter for the study 
of water and wastewater quality, because it theoretically 
concerns all organic compounds. It is about the kinetics of 
adsorption of TOC from laundry wastewater by using natu-
ral and modified bio-material, such as pine cones, as a low-
cost alternative adsorbent in the removal of TOC from aque-
ous solution.

A detailed study on the use of acid/microwave irradi-
ation treated pine cone for removing anionic and organic 
contaminants has been conducted [10,21,22]. Though, to our 
knowledge, no studies have been reported relating to the 
performances of both phosphoric acid (H3PO4) and micro-
wave irradiation (MW) treated natural pine cone (NPC) for 
TOC removal from laundry aqueous solutions via batch 
adsorption. 

The main objectives of the present study is to enhance 
the removal from water of TOC present as soap, using the 
most cost-effective and efficient process for producing a 
new low-cost activated carbon pine cone powder (ACPP) 
as a natural product with chemical agent H3PO4 by micro-
wave heating, and to test its efficiency in the removal of 
TOC using batch experiments. Easy collecting, porous and 
strong structures are some of the advantages which make 
pine cone as powerful precursor for the preparation of 
activated carbon. The effects of pH, temperature, soaking 
time, initial concentration of detergents (TOC), acid types 
and concentrations of ACPP dosage were all examined. 
The NPC and different modified versions of ACPPs were 
applied in characterization, adsorption, kinetic and iso-
therms studies. 

2. Materials and methods

2.1. Chemicals and materials

The ACPP used in the experiments was prepared from 
the NPC of the local area of Mont Royal in Montreal, Quebec, 
in order to be used as adsorbent to eliminate TOC from laun-
dry water. Table 1 shows the surface functional groups of 
NPC containing oxygen [13].
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In consistency with the reported methods [13], the raw 
cones were peeled to remove fiber and center of pine cone, 
and then thrown out. For clean samples of pine cones, they 
were washed several times with distilled water, were then 
dried at 100°C for 24 h in an oven with flipping and rubbing 
through 24 h.

The dried pine cones were crushed and grounded to 
obtain a powder. The resultant powder (ACPP) was sieved 
in British Standards. Sieves and particles between 300 and 
400 mm were collected and stored in desiccators for later use 
as adsorbent material. Phosphoric acid (85.0 wt%, Anahemia 
Canada lnc.) and sulfuric acid (95.0–98.0 wt%, Fisher 
Chemical Canada Inc.) have been applied as chemical acti-
vating agents. Tide (soap) detergent (Acti-Lift, USA) used as 
adsorbate and distilled water were the main chemicals used 
in the experiments.

2.2. Equipment

The preparation of the stock solution of commercial 
washing powders (Tide detergent) was done by dissolving a 
precisely weighed quantity of the Tide detergent in distilled 
water. The experimental solutions were prepared by dilut-
ing the stock solution with distilled water when necessary to 
obtain several concentrations. A thermostat shaker (OxiTop 
IS 12, WTW-R2362) was used for adsorption tests. Also, a 
microwave oven (Danby designer, Model DMW7700BLDB) 
was used for preparation of ACPP. Electrical heater (VWR-
1305U) was employed to heat samples. The incubator (Rose 
1-800-661-9289) was applied for temperatures effect and 
oven was used as heater, hotplate stirrer (LabTech Germany, 
Model LMS 1001) was used for the batch experiments. The 
metal solution was filtered through 0.45 mm membrane 
filters (Whatman) after settling and was then analyzed using 
TOC analyzer (TOC APOLLO USA 9000). The pH mea-
surements were performed with a digital ion analyzer and 
a combination electrode (TitraLab French, TIM 845). The 
electronic digital thermometer was used to determine the 
temperature of samples (Fisher Scientific; 50°C–300°C).

2.3. Surface modification of NPC with H3PO4 solution/microwave

The NPC (10 g) was soaked with 200 mL varying con-
centrations of phosphoric acid (10, 20, 40, 60 wt%) in a 
300 mL flask for 24 h (soaking time) at room temperature 
(22°C ± 3°C) with an impregnation char/acid weight ratio 
of 1:20. Carbonizations of impregnated samples were car-
ried out in microwave oven with power of 700 W (167°C) 
and radiation times (4 min) under ambient atmosphere. The 
carbonized samples were placed in an oven at 110°C for 3 h. 

Then, samples were washed with distilled water until the 
pH of washing solution reached 7 ± 0.5, and put overnight 
in an oven at 60°C for drying. Finally, the obtained activated 
carbons were finely powdered and stored in desiccators. 

To investigate the roles of microwave power and radia-
tion time, vs. electrical heater (E.H) for comparison, 100 mL of 
commercial washing powders solution (Tide) with a certain 
concentration (6.45 g L–1), TOC concentration 758 ± 0.5 mg L–1, 
was added to 1 g of adsorbents (pine cone) prepared in differ-
ent conditions. The samples were placed in shaker at 160 rpm 
and 25°C ± 5°C for 24 h. Then, the adsorbent was separated 
by filtration and the residual concentrations of TOC were 
determined with a TOC analyzer.

In order to obtain the ability of prepared carbon for 
removal of TOC from aqueous solutions, the removal effi-
ciency (%R) was calculated by Eq. (1):

%R
C C
C

e=
−

×0

0

100  (1)

where C0 is the initial concentration (mg L–1) and Ce is the 
residual concentration of Tide stock solution after a certain 
time [10].

2.4. TOC adsorption studies

For the prepared ACPP to adsorb TOC, experiment equi-
librium and kinetic investigations were done: in the equi-
librium adsorption experiments, the adsorption capacity, qe 
(mg g–1), which is the amount of TOC adsorbed per unit mass 
of adsorbent at equilibrium conditions, was derived based on 
Eq. (2):

q
V C C

We
e=

−( )0  (2)

where V (L) is the volume of solution, which was added to 
the mass of adsorbent, W (g) [10,13,21]. The sorption capacity 
at time t, qt (mg/g) was obtained as Eq. (3): 

q
C C V
Wt

t=
−( )0  (3)

where Ct (mg L–1) was the concentrations of TOC at a given 
time t [23].

2.5. Characterization

NPC and ACPP were subjected to several instrumen-
tal characterizations. The X-ray diffraction (XRD) spectra 
were recorded with a CuKα radiation (λ = 1.5418) at 30 kV 
and 20 mA ranging from 2θ = 10°–80° and scanning speed 
of 0.05°/s using a HASKIS TCU 2000/20 (USA). The FTIR 
spectra of NPC and ACPP were recorded between 400 and 
4,000 cm−1 using a PerkinElmer USA Spectrum, DER LAB 
USA S000013 model, FT-IR spectrometer Two (Waltham, 
MA USA). The Brunauer–Emmett–Teller (BET) method, 
Barrett–Joyner–Halenda (BJH) method and the single point 
surface area were used to determine the surface area and 

Table 1
Surface functional groups of NPC [13]

Functional groups mmol g–1

Acidic groups 2.958
Carboxylic 1.742
Lactonic 0.723
Phenolic 0.493
Basic groups 1.357
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the pore diameter distribution of NPC and ACPP by using 
a Micromeritics Model Tristar 3000 Surface Characterization 
Analyzer (Atlanta, USA). The samples were degassed by heat-
ing them up under continuous N2 purging. The samples 
were heated up to 90°C for 1 h followed by 120°C for 48 h. 
N2 adsorptions were measured at different target pressures 
under the liquid nitrogen bath and isotherms were obtained 
for adsorption/desorption. The surface morphologies of 
NPC and ACPP were examined by a field emission scanning 
electron microscope using a Hitachi Model SU-8230 SEM 
(Atlanta, USA). 

2.6. Adsorption kinetics

The implementation of batch kinetic experiments was 
carried out by mixing a specific amount of absorbent (1 g) 
with 100 mL of Tide soap solution at initial concentration of 
6.45 g L–1 in a series of conical flasks. The pH of Tide soap 
solution was previously adjusted to 7.00 ± 0.50 by adding 
HCl or NaOH solution. The mixtures were covered and 
agitated in a shaker at a constant speed of 160 rpm and 
25°C ± 5°C for 24 h. After certain duration of stirring, the 
entire suspension was taken from a conical flask and solid 
liquid separation was achieved by filtration. The residual 
TOC concentration in the solution was then determined 
using a TOC analyzer.

2.7. Adsorption isotherms

Isotherm study was conducted using batch equilibrium 
experiments. Absorbent 1 g was added into every conical 
flask with 100 mL of aqueous solution containing differ-
ent TOC concentrations. TOC solutions were previously 
adjusted to pH 7.5. The mixtures were shaken at a con-
stant temperature of 25°C ± 0.5°C and a constant agitation 
rate of 160 rpm using a shaker for 24 h. The mixtures were 
then filtrated. The residual TOC concentration was finally 
determined.

2.8. Effect of operating conditions onto adsorption of TOC

The adsorption of TOC on NPC and ACPP will be studied 
by batch technique, our methodological steps being based on 
the experimental designs based from previous authors who 
had observed that heat methods [24–26], initial acid con-
centration, radiation time, radiation power, temperature of 
H3PO4, initial TOC concentration, biosorbent dosage, soaking 
time and initial solution pH all play key roles as influential 
factors on TOC adsorption on ACPP and were investigated 
by equilibrium experiments in conical flasks. Hence, as to 
study the heat methods by applying different electrical heat 
temperatures (100°C, 250°C and 550°C) with different times 
used for each temperature (2, 4 and 6 h) through constant 
initial acid concentration (20%), pH (6.8 ± 0.3), TOC concen-
tration (758 mg L–1) and soaking time (24 h) that were used. 
Also study influence of initial phosphoric acid concentration 
on removal efficiency of ACPP by 10%, 20%, 40% and 60% 
with constant microwave power (700W) and microwave 
temperature (167°C), ACPP dosage of 1 g/100 mL, TOC con-
centration (758 mg L–1), pH (6.8 ± 0.3), soaking time (24 h) 
and temperature (22°C) were used. In order to study the 

effect of microwave radiation time on the performance of the 
adsorbent batch, radiation times of 2, 4, 6 and 8 min with 
contact soaking time of 24 h, constant TOC concentration of 
758 mg L−1, constant pH (6.80 ± 0.3) and constant ACPP dos-
age of 1 g/100 mL were applied. Also, the effect of microwave 
radiation power on the effectiveness of the ACPP batch, radi-
ation powers of 400 (86°C), 700W (167°C), 1,100 (192°C) and 
1,600 W (284°C) with contact radiation time of 4 min, con-
stant TOC concentration of 758 mg L−1, contact soaking time 
of 24 h, constant pH (6.8 ± 0.3) and constant ACPP dosage of 
1 g/100 mL were applied. The effect of the impact of tempera-
ture of the laundry aqueous solution on the act of the ACPP 
was studied using incubator at 12°C, 22°C, 37°C and 50°C 
with constant TOC concentration of 758 mg L−1 (Tide soap 
concentration of 6.45 g L–1), constant initial acid concentra-
tion (20 wt%), contact soaking time of 24 h, constant pH 
(6.8 ± 0.3) and constant ACPP dosage of 1 g/100 mL were 
applied. The impact of adsorbent (pine cone) dosage on the 
performance of the ACPP was studied using various weights 
of 500, 750, 1,000 and 1,200 mg with constant TOC concentra-
tion of 758 mg L−1 (Tide soap concentration of 6.45 g L–1) and 
constant initial acid concentration (20 wt%). So, as to study 
the effect of initial concentration of TOC on effectiveness of 
ACPP, used varied concentrations of TOC at 488, 758, 969 
and 1,284 mg L−1 (equivalent to 4.45, 6.45, 8.45 and 10.45 g L–1 

of Tide soap concentration, respectively) with constant time 
irradiation of 4 min, constant ACPP dosage of 1 g, constant 
initial acid concentration (20 wt%), contact soaking time of 
24 h, constant pH (6.8 ± 0.3) and temperature of 22°C ± 3°C. 
Moreover, the effect of soaking time on the act of the ACPP 
was studied using 6, 12, 18 and 24 h with constant ACPP 
dosage of 1 g and constant time irradiation of 4 min. Also, for 
initial pH effect study at same constant conditions, initial 
TOC concentration was 758 mg L–1, ACPP dosage 1 g and 
Tide soap solutions were adjusted to pH 4.00, 7.00, 10.00 and 
12.00 ± 0.3. Effluent samples from the batch were collected at 
specified time intervals, and remaining TOC concentrations 
in the solution taken from conical flasks, and solid–liquid 
separation achieved by filtration, were determined by a TOC 
analyzer. The obtained results for measured the first value of 
total carbon (TC) then moved the inorganic carbon (IC) from 
first value by using H3PO4 and Azote gas until reaching a 
value of pH = 2 or less; after that, measured (TC) as a second 
value by the device, in this case: TC = TOC + IC. However, 
when (IC) was removed and the sample measured, it became: 
TC = TOC [27]. In all experiments, the temperature value 
was controlled to 25°C ± 0.5°C. The pH of TOC solution was 
7.00 ± 0.10 adjusted to a given value by adding either HCl or 
NaOH to study the effect of pH on TOC solution.

3. Results and discussion

3.1. Determination of optimization active carbon pine powder

The removal of TOC by NPC and ACPP samples at 
different phosphoric acid initial concentrations (10–60 wt%) 
was studied using microwave and electrical heater (E.H) as 
shown in Table 2. The experimental results indicated that all 
ACPP which used microwave irradiation with phosphoric 
acid showed great enhanced removal efficiency of TOC 
compared with NPC and NPC-E.H. The concentration of 
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TOC adsorbed onto ACPP is directly related to the percent-
age loading of H3PO4 adsorbed on NPC. The optimum acid 
concentration of ACPP by H3PO4 occurred at 20 wt% (ACPP-
20%), a value that has been previously used in characteriza-
tion and then later used in kinetic and modeling studies of 
ACPP-20%. The ACPP-20% exhibited the highest removal 
efficiency (%R) and adsorption capacity (qe) of TOC among 
other modifying samples.

This may be attributed to two reasons: Microwave irra-
diation is a key factor that can have an effect on adsorption 
capacity and removal efficiency [10,28,29]. The heat meth-
ods of NPC by microwave with phosphoric acid lead to a 
rising adsorption of TOC which covered the pine cone sur-
face (ACPP), thus, allowing an increase in the adsorption 
capacity of pine cone. Whereas, applying electrical heat 
causes the carbon and porous structures to become dam-
aged, also as a result of external heating that does not give 
a homogeneous temperature for different shapes and sizes 
of NPC. Therefore, the NPC-E.H did not show any removal 
for TOC. Microwave radiation has been successfully imple-
mented to the production and modification of activated 
carbon. It can be concluded that, due to high heating speed 
and direct energy contact with the carbon layer, activated 
carbon porosity has been arisen effectively [10,22]. 

On other hand, Table 2 also reveals that ACPP was 
affected by H3PO4 concentration, with the optimum adsorp-
tion for ACPP being attained by 20 wt%. Above the H3PO4 
concentration level of 20%, the reduced volume was effec-
tively reduced to adsorption due to large molecules of TOC. 
Table 2 illustrates dependency of removal percentage of TOC 
by the prepared ACPP with different acid initial concentra-
tions (20–60 wt%). Depending on reaction which is exposed 
below, throughout activation of NPC, H3PO4 molecules could 
be altered into polyphosphoric acid and water, which may 
produce a reaction with the OH functional groups present on 
the surface of NPC [10].

nH3PO4 → Hn+2 PnO3n+1 + (n – 1)H2O

As can be seen in Table 2, increasing acid concentration 
from 10 to 20 wt% improves the chemical activation reaction 
and become successfully complete. In addition, the removal 
efficiency and adsorption capacity of TOC was enhanced with 
the increase of acid concentration from 10 to 20 wt%. Increased 
acid weight percentage leads to increase of total surface area, 
pore volume, mesoporous area and other structures [22].

In contrast, fine powder that was entered into pores can 
be removed by a diluted solution of H3PO4 (20 wt%), and 
be blocked, which facilitates pore access. An increase in ini-
tial concentration of acid from 20 to 60 wt% show increased 
removal efficiency while adsorption capacity is found to have 
negligible decrease. Thus, increasing H3PO4 has no effect on 
the kinetics of the reaction between precursors and the acti-
vating agent [10]. Then, removal efficiency was decreased 
slowly with the increase of H3PO4 concentration from 40 
to 60 wt%. Thus, because of severe oxidation, structure of 
NPC was damaged and adsorption capacity was decreased. 
Moreover, excessive acid concentration blocked the pores 
and insulation layer could be shaped.

The described adsorption pattern may explain why 
the best performance took place with an acid concentra-
tion equal to 20 wt%. Based on Table 2, the removal effi-
ciency (%R) and adsorption capacity (qe, mg g−1) of ACPP 
are highest for ACPP-20%, that is, almost 73.480% and 
55.700 mg g−1, respectively, higher than that of NPC and 
ACPP-EH [10].

3.2. Characterization of NPC and ACPP 

The treatment pine cones used for the characterizations, 
NPC-E.H550 and ACPP-20%, were prepared under the fol-
lowing conditions: microwave power of 700 W, temperature 
of 167°C, radiation time 4 min and phosphoric acid at 20% for 
electrical heat activation; electrical heat temperatures 550°C, 
phosphoric acid 20% and activation time 2, 4 and 6 h for ther-
mal activation. The pine cone was milled into powder for 
its XPS, FTIR, SEM and EDS, surface area and pore analysis.

3.2.1. Structural characterization by XRD technique

The X-ray diffractograms were used to determine the 
crystallographic structures of the NPC, NPC-E.H550 and 

Table 2
Comparison of removal efficiency of TOC of samples prepared

Sample Method of heat Acid concentration (wt%) Yield (wt%) %R qe  
(mg g–1)MW (W) EH (°C)

NPC – – – 86 0.000 0.000
NPC-20% – – 20 81 0.000 0.000
NPC-E.H100 – 100 20 53 0.000 0.000
NPC-E.H250 – 250 20 44 0.000 0.000
NPC-E.H550 – 550 20 39 0.000 0.000
NPC 700 – – 67 0.000 0.000
ACPP-10% 700 – 10 64 51.720 39.200
ACPP-20% 700 – 20 68 73.480 55.700
ACPP-40% 700 – 40 70 34.790 26.500
ACPP-60% 700 – 60 66 32.330 25.100
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ACPP at different conditions as presented in Fig. 1. Powder 
X-ray pattern of the samples was recorded over at 2θ = 10°–
90° range. All of the samples before and after treatment 
(NPC, NPC-E.H550 and ACPP-20%) show well-defined crys-
talline peak of cellulose and do not exhibit sharp crystalline 
peaks due to the amorphous nature [30]. Compared with the 
spectrum of untreated powder, those of the NPC-E.H550 and 
ACPP-20% demonstrated a decrease in intensity and broad-
ening of the peaks after treated. The spectra detected that 
NPC is composed mainly of crystalline cellulose as indicated 
by the peak at 2θ = 25.55° [31]. 

XRD patterns indicate that all samples have partially dis-
ordered crystal structure (Fig. 1) [32]. NPC sample consisting 
of two relatively strong broad peaks at 16.89° and 25.87° and 
another sharp weak broad peak at 32.50°. The spectrum of 
treated samples shows ACPP-20% corresponding more to 
NPC than to NPC-E.H550 sample, with ACPP-20% sample 
consisting of one relatively strong broad peak at 25.53° and 
one weak broad peak at 32.50°, whereas NPC-E.H550 sam-
ple consists of one very strong broad peaks at 5.02° with two 
other strong broad peaks at 12.04° and 25.87° as well as a 
weak broad peak at 50.74°. It is obvious that the strong and 
weak broad peaks slightly move to higher angles as carbon-
ization temperature are increasing. However, it moves more 
for NPC-E.H550 than ACPP-20% due to the effect of higher 
temperature on the crystalline structure of NPC, which in 
turn affects the effectiveness of TOC removal. 

3.2.2. FTIR spectroscopy

The FTIR spectra can provide valuable information about 
the chemical compositions of the materials. Fig. 2 demon-
strates the FTIR spectra of NPC, NPC-E.H550 and ACPP-
20%. It was shown that the NPC contained much more bands 
than the modified pine cones. However, the NPC-E.H550 has 
fewer bands compared with ACPP-20% as a result of being 
exposed to heat. The wave number range of FTIR spectrum is 
from 400 to 4,000 cm−1. Fig. 2 shows that the NPC before treat-
ment has a wide absorption band at 3,093–3,637 cm−1, with 
a maximum at about 3,377 cm−1 assigned to O–H stretching 
vibrations of hydrogen-bonded hydroxyl groups [16]. 

A peak around 1,682 cm−1 can be attributed to C=O 
stretching vibrations of ketones, aldehydes, lactones or car-
boxyl groups [13]. Also bands which can be seen at around 

1,557 cm−1 are related to COO– group on NPC [33]. Aliphatic 
C–H stretching vibration is found as a very soft peak at 
2,867 cm−1, whilst asymmetric vibration of CH2 group shows 
at 2,940 cm−1. The peaks around 1,029 cm−1 probabilities are 
assigned to the –C–C– [34]. As for the modified pine cones, 
NPC-E.H550 and ACPP-20%, they have a new wide absorp-
tion band at around 1,570 cm−1 which may have originated 
from the use of phosphoric acid (P=O). Likewise, pine 
cone material treated with H3PO4 exhibited a significantly 
increased carboxyl group fraction but the effect of tem-
perature of electrical heater on structure of NPC led to no 
adsorption capacity of TOC, unlike the pine cone treated 
by microwave use.

3.2.3. SEM-EDS analysis

The surface features of the three study materials were 
examined by SEM-EDS analysis of various magnifications 
to determine the micro-structure and elemental composi-
tion of NPC, NPC-E.H550 and ACPP-20%, which are illus-
trated in Fig. 3. The surface of the NPC sample was smooth 
and uneven, with small visible waves that may be caused 
by the carboxylic groups and other extracts (Fig. 3a). SEM 
illustrates that the average pore sizes of NPC are very small 
(0.034 mm). After treatment, Fig. 3b for NPC-E.H550 shows 
more roughness surface with cracks and the absence of small 
waves, which may be as a result of the electrical heater’s tem-
perature effect on pine cone structure among with notice-
able increased the average pore size [10,28,29]. The smooth 
edges surface of the ACPP-20%, which is almost similar to 
NPC, is an indication that phosphoric acid was coated on 
the surface of the pine cone and microwaves radiation did 
not affect too much on the pine cone surface, as showed in 
Fig. 3c. Consequently, the average pore sizes also increased 
more than with other samples (63 mm).

EDS detected the emission of elements of carbon (C) and 
oxygen (O). Fig. 3a demonstrates the percentage (wt%) of all 
elements before adding phosphoric acid, as per the follow-
ing order: C (38.81%) < O (61.19%). Similarly, the percentage 
(wt%) of all elements present in NPC-E.H550 and ACPP-
20%, which included H3PO4, was investigated as per the fol-
lowing order: C (8.43, 8.21%) < O (10.74, 12.33%) < P (5.11, 

Fig. 1. XRD patterns of NPC, NPC-E.H550 and ACPP-20%.

 

Fig. 2. FTIR spectrum of NPC, NPC-E.H550 and ACPP-20%.
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Fig. 3. SEM–EDS analysis of (a) NPC, (b) NPC-E.H550 and (c) ACPP-20%.
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7.33%), respectively (Figs. 3b and c). Thus, pine cones treated 
activation by microwave radiation with H3PO4 exposed 
increased carbon and oxygen content, as well as phospho-
rus, compared to NPC-E.H550. These results reported that 
the presence of fractions of oxygenated functional groups, 
such as carboxylic and phenolic groups, were developed on 
the adsorbent with higher average pore sizes, which may 
have contributed to increasing TOC adsorption [35].

3.2.4. Surface area and pore analysis

The surface area and porous properties of the pine 
cone samples were further investigated using the nitrogen 
adsorption–desorption isotherm. One of the most signif-
icant properties which brought about activated carbons, 
known as a recognized and powerful adsorbent, is their 
adsorptive capacity which is related to pore size, pore dis-
tributions and specific surface area [10,36]. Table 3 shows 
the surface area of NPC, NPC-E.H550 and ACPP-20% sam-
ples by single-point surface area at the relative pressure 
(P/P0) = 0.22, BET and Langmuir, as well as lists the poros-
ity details of samples. The N2 adsorption–desorption iso-
therm plots and BJH pore diameter distributions of NPC, 
NPC-E.H550 and ACPP-20% samples are presented in 
Figs. 4–6, respectively.

The results shown in Table 3 reveal that NPC sam-
ple powder had the least value of surface area (single 
point = 0.1015 m2 g–1, BET = 0.1005 m2 g–1 and Langmuir = 
0.1358 m2 g–1), even though this value is smaller than 
that measured for raw pine cone (4.39 m2 g–1) as reported 
by Ofomaja et al. [16] also (569 m2 g–1) as reported by 
Karthikeyan et al. [37]. Also, NPC sample had the least 
value pore volume and pore size. Classic thermal heating of 
activated carbon after consecutive treatment and recovery 
cycles in an electrical furnace reduce the adsorption capac-
ity considerably, which is credited to the adverse changes in 
the adsorbent physical structure [38]. Therefore, the modi-
fied sample NPC-E.H550 had a large surface area, pore vol-
ume and smaller pore size but did not show the ability to 
adsorption of TOC (Table 2). Otherwise, the modified sam-
ple ACPP-20% demonstrates the most value of surface area, 
pore volume and small pore size, so it shows great ability 
to adsorption capacity as a result of microwave radiation 
effect and packing density of H3PO4 (Table 2). Furthermore, 
in comparison with other NPC-E.H550 samples, the ACPP-
20% sample possessed a high number of functional groups 
(Fig. 3) [39]. The surface area and pore volume results follow 
the trend: NPC > NPC-E.H550 > ACPP-20%. The increase in 
surface area causes a better adsorption capacity and this is 
in agreement with the XRD, SEM-EDS results. In contrast, 

Table 3
Surface area and porosity details of NPC, NPC-E.H550 and ACPP-20%

Pine cone NPC NPC-E.H550 ACPP-20%

Surface area (m2 g–1)

Single point 0.1015 117.5978 206.1723
BET 0.1005 119.6046 212.8340
Langmuir 0.1358 150.6608 291.9043

Pore volume (cm3 g−1)

BJH adsorption 0.004585 0.016382 0.082271
BJH desorption 0.004586 0.014066 0.079131
Pore size (Å)
Adsorption average pore width 117.444 17.680 21.981
BJH adsorption 1,256.977 39.897 37.068
BJH desorption 1,135.374 42.389 37.208

(a) (b)

Fig. 4. (a) N2 adsorption–desorption isotherms and (b) BJH pore diameter distributions of sample NPC.
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NPC had only macropores, other than that after different 
modifications, NPC-E.H550 and ACPP-20%, a microporous 
and mesoporous structure could be formed, respectively. 

On the other hand, Figs. 4a, 5a and 6a, respectively, show 
the N2 adsorption–desorption isotherm with the evident 
hysteresis phenomenon and the pore-size distribution of the 
pine cone samples [40]. These isotherms can be classified as 
Type II for NPC sample with macroporous and Type I for 
NPC-E.H550 sample with microporous; whereas, ACPP-
20% sample illustrates Type IV with a distinct hysteresis 
loop observed in the range of 0.5–1.0 P/P0, which improves 
the presence of mesopores in all ACPP–20% samples [10,41]. 
The data are listed in Table 3.

Otherwise, according to the IUPAC recommendations, 
the hysteresis loops for NPC sample are Type H1 loops 
and show parallel and nearly vertical branches (Fig. 4a). 
This type of hysteresis loop was frequently reported for 
materials that consisted of agglomerates or compacts of 
approximately spherical particles arranged in a fairly uni-
form way. In addition, it has become clear that H1 hysteresis 
loops are also a characteristic of materials with cylindrical 
pore geometry and a high degree of pore size uniformity. 
Therefore, the presence of the H1 hysteresis loop on the 
adsorption isotherm for a porous solid usually indicates its 
relatively high pore size uniformity and facile pore connec-
tivity [39,41,42]. The NPC-E.H550 sample (Fig. 5a) confirms 
the hysteresis of Type H3 loop that do not level off at rela-
tive pressures close to the saturation vapor pressure were 
reported for materials comprised of aggregates of plate-like 

particles forming slit-like pores. Type H3 loop exhibiting tri-
angular shape with an almost horizontal desorption branch 
that falls steeply close to the lower limit of adsorption–
desorption hysteresis may be indicative of the presence of 
disordered structures [39,41,42]. Fig. 6a demonstrates the 
ACPP-20% sample is of Type H4 hysteresis loops (Fig. 6a) 
and may only be produced from the existence of big meso-
pores. Type H4 loops feature parallel and nearly horizontal 
branches and their appearance has been due to adsorption–
desorption in narrow slit-like pores. Specifically, Type H4 
loop that showed particles with internal voids of irregular 
shape and broad size distribution [39,41,42]. These analyses 
agreed well with BJH pore diameter distributions of pine 
cone (Figs. 4b, 5b and 6b), which confirmed that the NPC 
and ACPP-20% have a wide pore diameter distribution 
in macroporous and mesoporous domains while NPC-E.
H550 had a narrow pore diameter distribution in microp-
orous domains. Overall, based on all results of surface area 
and porosity details, it was found that the surface area and 
pore volume increased after modification, while pore size 
decreased. This is part of the main reasons that enabled the 
ACPP-20% to have enhanced adsorption capacity for TOC 
compared with NPC and NPC-E.H550.

3.3. Influence of operating conditions on adsorption of TOC

3.3.1. Effect of microwave radiation time

Microwave radiation time plays an important role in 
carbon quality, affecting removal efficiency and adsorption 

(a) (b)

Fig. 6. (a) N2 adsorption–desorption isotherms and (b) BJH pore diameter distributions of sample ACPP-20%.

(a) (b)

Fig. 5. (a) N2 adsorption–desorption isotherms and (b) BJH pore diameter distributions of sample NPC-E.H550.



S.M. Hafyana et al. / Desalination and Water Treatment 183 (2020) 205–221214

capacity. Effects of microwave radiation time on adsorp-
tion capacity were evaluated at microwave power level 
700 W. Fig. 7 shows that extending radiation time from 2 to 
4 min caused an increase in removal efficiency and adsorp-
tion capacity from 48.020% to 73.480% and from 36.200 to 
55.700 mg g–1, respectively. 

It can be concluded that the pores structures of pine 
cone are affected by extending radiation time. Thus as the 
radiation time achieves its optimum time, removal effi-
ciency reaches its maximum value. As indicated by these 
results, removal efficiency remains relatively increase then 
has a considerable decrease. This is since the degree of acti-
vation depends more on microwave radiation time than 
on the activation agents’ concentration [43]. The proba-
ble explanation was that increased radiation time caused 
the samples to get higher energy. When microwave radi-
ation time reached a certain level (as in this study, radia-
tion time > 4 min), overfull energy could break C–O–C 
and C–C bonds, burn carbon structures and damage the 
pores. Subsequently, decreased surface area and removal 
efficiency is expectable [10,22].

3.3.2. Effect of microwave radiation power

Microwave radiation power is a key parameter which 
can affect removal efficiency and adsorption capacity [10]. 
The results which are presented in Fig. 8, indicate the 
variation of TOC removal percentage by microwave radi-
ation power used for ACPP-20%. The results expose that 
pore structures were not adequately developed under 
low microwave radiation power level of 400 W (86°C), but 
with increase of microwave power, removal efficiency also 
increased gradually from 15.72% to 75.6%. At the same time, 
it was observed that the adsorption capacity decreased from 
55.70 to 47.6 mg g–1. It can be deduced that, due to high heat-
ing speed and energy direct contact with the carbon bed, 
porosity of activated carbon was effectively increased at 
radiation power 700 W [10,29]. Another possible explana-
tion is that the effect of microwave radiation power is only 
relevant to the pine cone structure, where increased heat-
ing radiation lead to increased pore size but decreased sur-
face area. Consequently, removal efficiency will be greater 
than before and adsorption capacity lesser. The assumption 

is that the appropriate microwave radiation power which 
determines the homogeneity of the ACPP-20% in this study 
was 700 W.

3.3.3. Effect of temperature

The investigation of temperature revealed a significant 
effect on the operation of ACPP-20%, as the removal effi-
ciency and adsorption capacity of TOC in aqueous media 
was studied at four various temperatures (Fig. 9). 

Temperature is shown to be an indicator for the adsorp-
tion nature, whether it is an exothermic or endothermic 
process [16,21]. The results demonstrated that the removal 
efficiency and adsorption capacity are 73.750; 55.90, 73.480; 
55.700, 69.530; 52.700 and 64.910; 49.200 at 12°C, 22°C, 37°C 
and 50°C, respectively. There is an inverse relationship 
between removal of TOC and temperature. Fig. 9 shows that 
the amount of TOC adsorption on ACPP-20% increased with 
the decreasing temperature of the soap solution, which indi-
cates that the process was exothermic. The adsorption capac-
ity increased with the decreasing temperature, indicating that 
the adsorption is an exothermic process [20]. The fact that the 
percentage of TOC removal is favored at lower temperature 

qe 

Fig. 7. Effects of microwave radiation time on removal efficiency 
and adsorption capacity of ACPP-20% for removal of TOC 
(758 mg L–1) from aqueous solution, acid concentration 20 wt%, 
saturation time 24 h, pH = 10.

q e
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g 
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Fig. 8. Effects of microwave radiation power on removal effi-
ciency and adsorption capacity of ACPP-20% for removal of TOC 
(758 mg L–1) from aqueous solution, acid concentration 20 wt%, 
irradiation time 4 min, pH = 10.

qe 

Fig. 9. Effects of temperature of H3PO4 on removal efficiency 
and adsorption capacity of ACPP-20% for removal of TOC 
(758 mg L–1) from aqueous solution, acid concentration 20 wt%, 
irradiation time 4 min, pH = 10.
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indicates that the mobility of the TOC ions decreases with 
a rise in the temperature. It can also be said that decreased 
temperature of reaction enhances the reaction of TOC and 
surface functional groups.

3.3.4. Effect of initial TOC concentration

The initial TOC concentration has a pronounced effect 
on its removal from aqueous solutions. The effect of initial 
TOC concentration onto ACPP-20% adsorbent was investi-
gated and the results are presented in Fig. 10. It was also 
found that the amount of adsorption, that is, mg of adsorbate 
per g of adsorbent, increases with decreasing removal effi-
ciency at all initial TOC concentrations, and that equilibrium 
is attained at 969 mg L–1. This is so because the initial TOC 
concentration provides the driving force to overcome the 
resistance to the mass transfer of TOC between the aqueous 
solution and the solid phase.

For constant dosage of ACPP-20%, at higher initial TOC 
concentration, the available adsorption sites of ACPP-20% 
become fewer and hence the removal efficiency of TOC 
depends upon the initial TOC concentration [21]. The increase 
in initial TOC concentration also improves the interaction 
between ACPP-20% and TOC. Therefore, an increase in ini-
tial TOC concentration leads to enhanced adsorption uptake 
of TOC.

3.3.5. Effect of biosorbent dosages

The study of ACPP impact at 20% dosage demonstrates 
an adsorbent’s efficiency and a TOC’s ability to be adsorbed 
with a minimum dosage, allowing determining a TOC’s abil-
ity from an economical standpoint [21]. Varying the ACPP-
20% dosage for a fixed volume (100 mL) of Tide detergent 
solution at constant concentration (6.45 g L–1) has an effect, as 
shown in Fig. 11.

It is observed from Fig. 11 that increasing the ACPP dose 
increased the percentage of TOC removal from aqueous solu-
tion, from 58.310% to 83.910%. On the other hand, the amount 
of TOC adsorbed per unit mass of ACPP was also found to 
increase with biosorbents dose from 44.200 to 63.600 mg g–1 

(Fig. 11). It is obvious that, by increasing the dose of the 

ACPP-20%, the number of sorption sites obtainable for sor-
bent–solute interaction is increased, thereby resulting in the 
increased percentage of TOC removal from aqueous solution 
[16,21].

3.3.6. Effect of soaking time

Soaking time of NPC by phosphoric acid plays a deci-
sive role in carbon quality, affecting adsorption and removal 
efficiency. Effects of soaking time on adsorption capacity 
were evaluated under microwave power level of 700 W, 
TOC concentration of 758 mg L–1, with increasing soaking 
times of 6, 12, 18 and 24 h. Fig. 12 indicates that soaking time 
from 6 to 12 h caused a decrease in removal efficiency and 
adsorption capacity from 82.320%; 62.400 mg g–1 to 73.480%; 
55.700 mg g–1, respectively. It can be deduced that increased 
soaking time leads to packing porosity by acid, so the pore 
size decrease causes reduced adsorption capacity and 
removal efficiency [10,44,45].

However, as the soaking time achieves its optimum time, 
removal efficiency and adsorption capacity reach its maxi-
mum value. These results suggest that removal efficiency 

 

Fig. 10. Effects of initial TOC concentration on removal efficiency 
and adsorption capacity of ACPP-20% for removal of TOC from 
aqueous solution, acid concentration 20 wt%, irradiation time 
4 min, pH 10.

qe 

Biosorbent dosage (mg L−1) 

Fig. 11. Effects of biosorbent dosage on removal efficiency and 
adsorption capacity of ACPP-20% for removal of TOC (758 mg 
L–1) from aqueous solution, acid concentration 20 wt%, irradia-
tion time 4 min, pH 10.

qe 

Fig. 12. Effects of soaking time on removal efficiency and adsorp-
tion capacity of ACPP-20% for removal of TOC (758 mg L–1) from 
aqueous solution, acid concentration 20 wt%, irradiation time 
4 min, pH = 10.



S.M. Hafyana et al. / Desalination and Water Treatment 183 (2020) 205–221216

stays relatively constant, and then decreases dramatically. 
The soaking time is the more significant variable for the 
improvement of porosity in activated carbon. H3PO4 has two 
significant functions: it stimulates the pyrolytic decompo-
sition of the original material and the development of the 
cross-linked structure. Though, H3PO4 allows the increase 
of both micropores and mesopores of the prepared activated 
carbon [45]. On the other hand, with the increase of soak-
ing time with phosphoric acid, the samples were exposed 
to more acid (as in Fig. 12, saturation time > 12 h), overfull 
phosphoric acid could break carbon bond structures, which 
lead to damaging the pores of ACPP-20%. For that reason, 
decreasing surface area and removal efficiency is expectable 
[44,45].

3.3.7. Effect of initial solution pH

The pH of the aqueous solution plays a critical role in 
adsorption uptake [10,13,46]. The extent of electrostatic 
charges conveyed by the ionized TOC ions of soap solu-
tion and the functional groups on the ACPP-20% sur-
face are primarily controlled by pH of the medium [16]. 
The effect of solution pH on the removal efficiency and 
adsorption capacity of TOC from aqueous soap solution 
using pine cone and H3PO4 treated pine cone powder is 
shown in Fig. 13.

Fig. 13 demonstrates the relationship between amounts 
of TOC adsorbed and initial solution pH. It is obvious that 
increasing the solution pH will decrease the removal effi-
ciency. At value 4 of solution pH, more TOC is removed 
from the solution than with any other initial solution pH 
tested. This can be explained by the positive charge of 
the ACPP–20% surface and by the electrostatic attraction 
between negative adsorbate and positive surface causing 
high removal percentage. The HCl-treated samples had 
higher TOC adsorption capacities than the untreated ones. 
As solution pH increases, the TOC capacities of the samples 
increase up to a solution pH of 7.0. After initial solution pH 
of 7.0, the adsorption capacities for TOC samples were found 
to decrease. This can be attributed to a pH > 7.0, repulsion 
between anionic TOC and negative surface, and also com-
petitive adsorption between OH− of solution and anion of 

TOC causing low removal efficiency [16]. These results are 
in good agreement with reported finding of Emami and 
Azizian [10]. Furthermore, and as per above results, in order 
to prepare ACPP, it seems that, phosphoric acid of 40%, 
microwave power level of 700 W and radiation time of 2 min 
with pH of 2 are the optimum conditions.

3.4. TOC adsorption kinetics

A study of adsorption kinetics is significant as it provides 
information on the adsorption mechanism, which is critical 
for the practicality of the process, which is helpful for select-
ing optimum operating conditions for the full-scale batch 
process [10,32]. In our case, two different kinetic models, 
pseudo-first-order and pseudo-second-order kinetic models, 
at two different concentration levels, were applied in order to 
determine which of them shows the best fit with experimen-
tally obtained data [10,13,47]. 

3.4.1. Pseudo-first-order model

Pseudo-first-order rate equation, which is dependent 
on adsorption capacity, is one of the most kinetic equations 
[10,20,47–49]. To differentiate kinetic equations depended 
on adsorption capacity from solution concentration, 
Lagergren’s first order rate equation has been called pseu-
do-first-order. In recent years, it has been generally used to 
explain the adsorption of pollutants from wastewater in dif-
ferent fields [50].

The integrated form of this model can be given as follows: 

log log
.

q q q
k t

e t e−( ) = − 1

2 303
 (4)

where k1 (min−1) is the pseudo-first-order rate constant and 
time t. 

The initial adsorption rate, h (mg g–1 min–1), at t = 0 is 
defined from Eq. (5) [51]: 

h k qe= 1
2  (5)

where k1 and h values were determined from the slope 
and intercept of the plots of log (qe–qt) against t (Fig. 14). 

qe 

Fig. 13. Effects of solution pH on removal efficiency and adsorp-
tion capacity of ACPP-20% for removal of TOC (758 mg L–1) from 
aqueous solution, acid concentration 20 wt%, irradiation time 
4 min, saturation time 24 h, biosorbent dosage 1 g.
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Fig. 14. Pseudo-first-order plot for TOC adsorbate on ACPP at 
different Tide soap concentrations 4.45 and 6.45 g L–1.
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The values of the parameters and correlation coefficient are 
also presented in Table 4. The correlation coefficient of exam-
ined data was found high (R2 > 0.93). It was observed that 
the equilibrium is reached within 7 h for TOC. This shows 
that the adsorption of TOC onto ACPP-20% followed the 
pseudo-first-order kinetic model. The overall rate constants 
for adsorption were determined from slopes of the plots 
and listed in Tables 4 and 5. The rate constant was higher at 
higher concentrations. 

3.4.2. Pseudo-second-order model

Qiu et al. [50] illustrated a kinetic process of the adsorp-
tion of divalent metal ions onto peat, where the chemical 
bonding was among divalent metal ions and polar func-
tional groups on peat. Also, Qiu et al.’s [50] second-order 
rate equation has been called pseudo-second-order rate 
equation to distinguish kinetic equations based on adsorp-
tion capacity from concentration of solution. This equation 
has been effectively applied to the adsorption of metal ions, 
dyes, herbicides, oils, and organic substances from aqueous 
solutions [50]. The following equation is the integrated form 
of pseudo-second-order rate equation: 

t
q k q

t
qt e e

= +
1

2
2  (6)

where k2 (g mg–1 min–1) is the pseudo-second-order rate 
constant [10,16,20,47–49]. The initial adsorption rate, h 
(mg g–1 min–1), at t = 0, is defined as follows [51]:

h k qe= 2
2  (7)

By applying pseudo-first-order kinetic model, the 
value of adsorption rate constant k1 for the TOC adsorp-
tion onto ACPP was determined from the straight line plot 
of log (qe–qt) against t (Fig. 15). These results indicate that 
increase in TOC concentration increased the adsorption 
rate constants.

The data were fitted with a weak correlation coefficient 
(Table 5), indicating that the rate of removal of TOC onto 

ACPP-20% does not follow the pseudo-second-order equa-
tion. Value of the adsorption rate constant k1 for the TOC 
adsorption onto ACPP-20% was derived from the straight 
line plot of t/qt against t (Fig. 14). A correlation coefficient 
was added to fit the data (Table 5), showing that the removal 
rate of TOC onto ACPP-20% does not conform to the pseu-
do-second-order equation. Therefore, Lagergren’s model 
could be used for the prediction of the kinetics of adsorption 
of TOC on ACPP-20%.

3.5. TOC adsorption isotherms

The relation between the amounts of adsorbate species 
and the equilibrium concentration is identified as adsorption 
isotherm. The equilibrium experimental data were analyzed 
by applying most used two models, including Langmuir and 
Freundlich isotherms [10]. These models were applied to 
investigate an interaction of adsorbate molecules and adsor-
bent surface [47].

3.5.1. Langmuir isotherm model

The Langmuir isotherm contains several hypotheses, 
which are surface homogeneity in character, and possesses 
identical and energetically equivalent adsorption sites and 
absence of interactions between adsorbed molecules on the 
surface. In addition, the formation of monolayer occurs on 
the surface of the adsorbent, indicating that only one TOC 
molecule could be adsorbed on one adsorption site and the 

Table 4
Pseudo-first-order model rate constants for ACPP-20%

R2 h k1 qe (mg g–1) Concentration of TOC (mg L–1) Concentration of Tide soap (g L–1)

0.936 13.250 0.005 51.480 616 6.45
0.926 1.260 0.004 17.760 381 4.45
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Fig. 15. Pseudo-second-order plot for TOC adsorbate on ACPP at 
different Tide soap concentrations 4.45 and 6.45 g L–1.

Table 5
Pseudo-second-order model rate constants for ACPP-20%

R2 H k2 qe (mg g–1) Concentration of TOC (mg L–1) Concentration of Tide soap (g L–1)

0.809 0.0045 1.02 × 10-4 43.290 616 6.45
0.320 0.045 5.13 × 10-5 29.330 381 4.45
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intermolecular forces decrease with the distance [10,47]. 
The Langmuir equation can be written as:

q
q K C
K Ce
L e

L e

=
+
max

1
 (8)

where qmax (mg g–1) and KL (L mg–1) are known as Langmuir 
constants and refer to maximum sorption capacity and affin-
ity of sorption, respectively [10,16,20,47–49].

A linear Langmuir adsorption isotherm is shown in 
Fig. 16. The values of qmax and KL of linear expression of 
Langmuir adsorption isotherm were calculated from the 
slopes and intercept of the linear plot of Ce/qe vs. Ce in Fig. 16 
and Table 6, according to Eq. (9).
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The linearity of the isotherm through the entire concentra-
tion range studies, with a good linear correlation coefficient 
(R2 = 0.9113) (as per Table 6), shows that Langmuir equation 
is the best fit for the experimental data compared with the 
other isotherm equation. This confirms the monolayer cov-
erage of TOC onto ACPP-20% particles (qmax = 8.56 mg g–1) as 
wells as the homogeneous distribution of active sites on the 
adsorbent, given that the Langmuir equation assumes homo-
geneity of the surface [47].

The main features of the Langmuir isotherm can be 
expressed in expressions of a dimensionless constant called 
separation factor (RL, also called equilibrium parameter) 
which is determined by the following Eq. (10) [46]:

R
k CL
L

=
+
1

1 0

 (10)

The value of RL indicates the shape of the isotherms to be 
either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1) 
or irreversible (RL = 0).

The impact of the isotherm shape on whether adsorp-
tion is favorable or unfavorable has been considered. By a 
Langmuir type adsorption process, the isotherm shape can 

be classified by a measurement less a constant separation 
factor (RL), given via Eq. (10). The calculated RL values as dif-
ferent initial TOC concentrations are shown in Fig. 17. It was 
observed that the value of RL in the range 0-1 confirms the 
favorable uptake of the TOC process. Furthermore, lower 
RL values at higher initial TOC concentrations showed that 
adsorption was more appropriate at higher concentration. 
The degree of favorability is mostly related to the irreversibil-
ity of the system, giving a qualitative estimate of the ACPP-
20%–TOC interactions. The degrees tended toward zero (the 
completely ideal irreversible case) rather than unity (which 
characterizes a completely reversible case) [47].

3.5.2. Freundlich isotherm model

The Freundlich isotherm is an experimental equation, 
utilized for heterogeneous surfaces [10,47]. The Freundlich 
isotherm is given as follows:

q K Ce F e
n= 1/  (11)

where KF (mg1–(1/n) L1/n/g) is Freundlich constant and n indi-
cates sorption heterogeneity [10,13,16,19,32]. Eq. (11) can 
be rearranged to obtain a linear form by taking logarithms 
Eq. (12):

ln ln lnq k
n

Ce f e= +
1  (12)

The slope and the intercept correspond to (1/n) and kf, 
respectively. It was revealed that the plot of ln qe and ln Ce 
yields a straight line (Fig. 18). The results are indicated in 
Table 6. The appropriate adsorption of this model can be 
described such that if a value for n is above unity, adsorp-
tion is appropriate and a physical process [47]. In the present 

C
e/q

e 
(g

 L
–1

) 

Ce (mg L–1) 

R2 = 0.91 

Fig. 16. Linear Langmuir adsorption isotherm.

Table 6
Langmuir and Freundlich adsorption isotherm constants

Langmuir Freundlich

qmax (mg g–1) KL (L mg–1) R2 n kf R2

8.560 0.049 0.91 4.190 2.180 0.35

R
L 

C0 (mg g–1) 

Fig. 17. Plot of separation factor vs. initial TOC concentration.
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study the value of n (n = 4.190) is greater than 1, indicating 
that the adsorption process is appropriate. However the 
value of correlation coefficient (R2 = 0.3498) is much lower 
than the Langmuir isotherm value.

3.6. Thermodynamic study

The effect of temperature on the thermodynamic TOC 
adsorption on the ACPP-20% was investigated from 12°C 
to 50°C (Fig. 19). The thermodynamic parameters including 
change in the Gibbs free energy, ΔG°(kJ mol–1), enthalpy, 
ΔH°(kJ mol–1) and entropy, ΔS°(J mol–1 K–1), were deter-
mined by means of the following equations and repre-
sented in Table 7:

K
q
Cc
e

e

=  (13)

∆G RT Kc° = − ln  (14)

lnK S
R

H
RTc =

°
−

°∆ ∆  (15)

where R =  gas constant, Kc =  equilibrium constant, represents 
the ability of the adsorbent to retain the adsorbate and extent 
of movement of the adsorbate (TOC) within the solution 
[9,46,51]. Kc is the ratio of the final or equilibrium concen-
tration of the TOC (qe) attached to adsorbent compared with 
the Van’t Hoff equation as equilibrium TOC concentration in 
solution (Ce), Eq. (13). It was given the plot of ln Kc vs. 1/T to 
Eq. (15) and Fig. 18. ΔH° and ΔS° were calculated from this 
plot (Van’t Hoff plots) [9,47,52].

Thermodynamic parameters obtained are given in 
Table 7. Kc indicates the capability of the ACPP-20% to retain 
a solute and also the extent of its movement in a solution 
phase [21]. As shown in Table 7, ΔG° is slightly increasing 
with the increasing temperature from 12°C to 50°C. The neg-
ative values of ΔG° at different temperatures indicate the 
feasibility of the process and the spontaneous nature of 

the adsorption [23,52]. Generally, the change in adsorption 
enthalpy for physisorption is in the range of -20 to 40 kJ mol–

1, but chemisorption is between –400 and –80 kJ mol–1 [47]. 
The negative ΔH° (–2.500 kJ mol–1) reveals the adsorption 
is exothermic and physical in nature [9,47]. Furthermore, 
slightly positive ΔS° of TOC adsorption process indicates 
an irregular increase of the randomness at the ACPP-20% 
solution interface during adsorption.

3.7. Comparison with other various solid bio-adsorbents

Different kinds of natural and modified adsorbents 
were used in TOC removal from water. TOC adsorption on 
a variety of adsorbents was widely referred to in the litera-
ture. Table 8 shows a comparison on removal efficiency of 
TOC with various adsorbents of natural, modified, and syn-
thetic adsorbents. The removal efficiency of TOC depends 
on kinds of TOC and adsorption conditions.

From Table 8, the highest removal efficiency of gran-
ular activated carbon (0.3–2.38 mm diameter) is due 
to the highest specific surface area (1,000 mg mg−1) [53]. 
The adsorption capacity of ACPP-20% is comparable with 
other adsorbents [35,53]. The maximum removal efficiency 
of TOC (%R) achieved with ACPP-20% is 87.71%, which is 
suitable for ACPP-20% to be an adsorbent, with the bene-
fit of easy handling and cost effectiveness. NPC modified 
with H3PO4/MW proves as an attractive alternative for 
TOC adsorption. 

4. Conclusions

In conclusion, the present investigation showed that 
“cone of pine”, which is the product from widely planted 

ln
 q

e (
m

g 
g–

1 ) 

R2 = 0.35 

ln Ce (mg L–1) 

Fig. 18. Linear Freundlich adsorption isotherm.
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 K
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1 ) 
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Fig. 19. A plot of ln KC vs. 1/T for TOC Adsorption onto ACPP-
20% for 758 mg/L initial concentration (Tide soap 6.45 g/L) at 
constant adsorbents dose: 1 g/100 mL.

Table 7
Value of the thermodynamic of TOC adsorption by ACPP-20% 
at various temperatures and at different composition of mixture

–ΔG° (kJ mol–1) ΔH°  
(kJ mol–1)

ΔS° 
 (J mol–1K–1)50°C 37°C 22°C 12°C

3.280 3.240 3.210 3.190 –2.500 2.410
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tree of the local area of Mount Royal in Montreal, Quebec, 
can be effectively used as a raw material for the preparation 
of activated carbon by chemical activation. The presented 
results demonstrate that microwave heating is an effective, 
facilitate and cost-effective method that for the production 
of activated carbon having high adsorption capacity and 
removal efficiency. The most effective activated carbon was 
obtained with: phosphoric acid concentration of 20%, initial 
solution pH of 4, soaking time of 12 h, low temperature of 
12°C and radiation time of 4 min. The Freundlich theoretical 
describes well the results obtained from this study; however 
the Langmuir equation represented the best fit of experi-
mental data. As indicated by the kinetic data, the adsorption 
process follows the first-order equation. Thermodynamic 
studies indicated that adsorption of TOC on ACPP-20% was 
stable over an extensive range of temperature; it was also 
exothermic and took place spontaneously in nature. The pre-
pared active carbon is an effective and low-cost adsorbent for 
removal of TOC from laundry aqueous media. Reuse of spent 
ACPP and recovery of adsorbed TOC may also be of further 
scope of research. 
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