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Highlights 

 Use of waste sunflower pith as a precursor for activated carbon for the first time. 

 High surface area AC prepared by NaOH and KOH (2690 m2 g-1 and 2090 m2 g-1). 

 Microstructure of the SP in its natural form are shown by micro-computed tomography. 

 Carbonization leads to SP into thin, separated carbon flakes of 200 nm thickness. 

 Meso and micropores in the N-SPAC lead to a high MB adsorption (965.349 mg/g) 

 

 

Abstract 

 

Sunflower pith (SP), a vast agricultural waste is herein used as a precursor material for highly 

porous low density activated carbon production. Porosity and flake-like microstructure of the SP 

in its natural form are shown by micro-computed tomography (Micro-CT). Carbonization process 

turns the SP into thin, separated carbon flakes of 200 nm thickness. Two types of alkaline based 

chemical activation with KOH and NaOH are performed to yield SP based activated carbon (AC), 

K-SPAC and N-SPAC, respectively. Microstructural changes upon carbonization and activation 

process are elaborated by RAMAN, FTIR and SEM analyses. BET Surface area of the NaOH-

activated N-SPAC was calculated as 2690 m2/g  and was higher than KOH-activated K-SPAC 

with 2090 m2/g. Maximum adsorption capacity of N-SPAC was calculated as 965mg/g whereas it 

was 580 mg/g for K-SPAC. Adsorption kinetic studies for N-SPAC revealed that at a low initial 

concentration of dye (500 mg/L), the pseudo first-order kinetic model was predictive. On the other 

hand, at high initial MB concentration (1000 mg/L), the results indicate that the adsorption kinetics 

follow the Elovich model with intraparticle diffusion as one of the rate-determining steps.  

In conclusion, overall results suggest that thanks to its highly porous microstructure, the SP is an 

alternative renewable AC precursor choice for dye removal applications. 

 

Keywords: Sunflower pith, Char, Activated Carbon, CTscan, Adsorption 
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1. Introduction 

 

Activated carbons (ACs) are highly porous materials with the inherent high surface area and high 

adsorption capacity [1]. Due to their adsorptive properties, ACs are commonly employed in 

purification and discolorization efforts that aim to decrease the concentration of environmentally 

hazardous materials contained in re-usable gaseous and liquid materials [2]. For instance, the 

removal of dye based toxic and carcinogenic pollutants from the industrial wastewater posing a 

severe hazard to aquatic living organisms [3, 4] has been of interest in numerous studies [5]. As 

thoroughly reviewed by Crain [6], ACs can be obtained from several different precursors such as 

agricultural-industrial solid wastes, natural materials, biosorbents and other miscellaneous 

sorbents through well-studied activation processes [7].  

Use of agricultural waste products as AC precursor materials can be categorized as a renewable 

and low-cost alternative [8-13]. The choices of available natural materials, the activation routes 

and resulting adsorptive properties of ACs were recently reported in [14].  Considering the 

available data such as surface area, pore size and particle size, adsorption capacities of agricultural 

waste originated AC products are highly dependent on the natural precursor choice. Hence, the 

search for alternative natural precursors of ACs that are inexpensive, locally available and yet 

effective continues [14]. 

Sunflower (Helianthus annuus L.) is commonly planted and harvested for vegetable oil production 

from its seeds and some non-oil based products such as confectionary, horticulture, silage, etc. A 

recent USDA report [15] revealed that the global sunflower production of 45.65 million metric 

tons is shared by Ukraine (14m), Russia (11m), EU (8.6m), Argentina (3.4m), China (2.85m), 

Turkey (1.45m), US (1.2m) and other countries (3.15 m). Dominant industrial usage of sunflower 

is in oil production (from the seeds), food industry and more recently as a renewable energy source 

through biodiesel production [16]. In the production and harvesting cycle, sunflower stalks are 

commonly considered as high-volume waste materials as their conversion to specific added value 

products seems to be lacking. Furthermore, the research efforts towards the valorization of 

sunflower stalks are considerably limited [17-23].  

Sunflower stalk is formed of two mechanically separable phases such as external fiber (90 % of 

dry weight) and internal pith, SP (10% of dry weight) [24]. Although the weight fraction of SP is 

relatively low, it covers most of the volume of the stalk due to its low density (0.035 g/cm3) [25]. 

According to the Marecal et al. SP contains 3.2 % lignin, 4.4 % alkali extracted polysaccharides, 

17.6% pectin, 45.4 % cellulose and 16.6 % ash [25]. During conventional pyrolysis conditions, 

decomposition of the organic fragments start with the decomposition of the pectin and 

polysaccharides, followed by cellulose decomposition, and finished with the lignin decomposition. 

Decomposition of organic fragments mostly pectin, cellulose and lignin fragments lead to the 

formation volatile products and at moderate heating  rates and increase residence time of the 

volatiles, vapor phase components continue to react with each other as solid char is being formed. 

Aburto et al. showed that pectin pyrolysis start with initial depolymerization below 210 oC and 

pectin secondary decomposition continued until 580 oC resulted in residual char due to the 

chemical recombination of volatile products [26]. According to the Mohan et. al., hemicellulose 

fragments were produce less char yield than cellulose fragments and lignin decomposition produce 
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much more residual char that cellulose [27]. Independent from its chemical composition, the 

microstructure of SP is also unique providing its low density [25]. Therefore, this work aims to 

demonstrate production of AC from SP and demonstrate that SP porous structure increases the 

activation efficiency by offering potential activation sites that can result in high surface area ACs 

through alkaline hydroxide activation. In order to observe porous nature of the raw SP, computed 

tomography (CT) scan analysis was performed. Effects of carbonization and activation forming 

the SPAC were investigated by SEM, Raman and FTIR spectroscopy.  Texture analysis was 

performed to discuss the result of activation process on the porous structure of ACs. In order to 

assess the adsorbative capability of the sunflower pith based AC in removing hazardous materials 

from water; adsorption isotherms and kinetics of methylene blue (MB) were studied as a model 

system. 

 

 

2. Experimental  

 

2.1. Sun Flower Pith Raw Material  

 

Waste sunflower stalks were directly collected from a  Düğüncülü agricultural area in Kırklareli, 

Turkey (one of the most prominent sunflower harvesting area in Turkey). Spongy pith material 

(Fig. 1) was extracted mechanically from the stalk and dried at 80oC. Prior to carbonization 

process, the sunflower piths were ground and meshed so that the SP particles in size of 1mm or 

less were collected.  

 

 

  
Fig. 1. a) Sunflower stalk and pith b) Powder form of SP. 

  

 

2.2. Preparation of SP char  
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Raw sunflower pith particles were carbonized by conventional pyrolysis method with a heating 

rate of 10 oC/min [27, 28]. The maximum temperature for carbonization was adjusted to 500 oC 

for 2 hours under argon flow with a rate of 0.5 L/min. Then carbonization yield was calculated. 

 

2.3. Preparation of activated carbon 

 

Collected sunflower pith char (SPC) was chemically activated by two activating agents sodium 

hydroxide NaOH (purchased from Merck, Germany) and potassium hydroxide KOH (purchased 

from Merck, Germany) [28, 29].  First, 1-1.5 grams of SPC was mixed with the agent in a beaker 

with 20 ml distilled water. For all experiments, SPC/Base weight ratio was fixed to 1:3. Slurries 

were stirred for 1 hour to homogenize the mixture and then heated in an oil bath to the dryness. 

The dry powder mix was then ground in the mortar quickly to minimize exposure to moisture and 

loaded in a combustion boat. Activation was carried out at 700 oC for 1 hour (10 oC/min heating 

rate) in argon gas ambient for which the gas flow rate was 0.5 L/min. After the activation heating 

cycle was completed, the sample was cooled down at argon, and then washed with 0.1 M HCl 

(purchased from Merck, Germany)  followed by hot water rinsing until the filtrate became neutral 

to make sure the activated agent residues and mineral matters were eliminated.  Produced 

sunflower pith based activated carbon (SPAC) were finally dried at 80 oC under vacuum for 24 

hours and kept sealed in a desiccator for further analyses. 

 

2.4. Characterization of Sunflower Pith and its processed forms as char and active carbon 

particles  

 

FTIR spectra of the raw sunflower pith (SP), its char (SPC), and activated carbon form (SPAC) 

were recorded over the range of 4000-550 cm-1 on a Thermo Scientific Nicolet iS10 spectrometer 

employing ATR apparatus. The total number of scans was 32 with a spectral resolution of 4 cm-1. 

The assignment of the bands in the infrared spectra was in accordance with Shevla [30] and Baysal 

at al. [31]. 

Renishaw in Via Reflex Raman Microscope and Spectrometer was used for Raman scattering 

measurement at room temperature. Raman spectral analyses using visible excitation at 532 nm 

were done with a Nd-YAG laser power of 10 mW with data acquisition time of 10 s. The spectral 

range was selected as 800 cm-1 and 1800 cm-1. Wire 3.1 software was used to fit adjusted peaks. 

Through the spectra, a linear baseline correction was applied. 

 

The raw sunflower pith (SP) specimen before grinding was scanned with Skyscan1172 (Bruker 

co.) high-resolution micro-computed tomography (µCT) equipment at Sabancı University 

Nanotechnology and Application Center. In this µCT system, X-rays are generated with an 

electron accelerating voltage of 37 kV with a tungsten reflection and a beam current of 234 mA. 

Two-dimensional projection images with a resolution of 14 microns were reconstructed with 
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NRecon (version: 1.6.9.4) software which uses modified Feldkamp’s back-projection algorithm 

[32].  Reconstructed three-dimensional objects, containing grayscale values for each pixel, have 

been segmented (binarized) by using the peak-valley method and analyzed via CTAn (CT-

Analyser, version: 1.14.4.1) program. In order to obtain quantitative morphology parameters such 

as porosity, the volume of interest is chosen by virtually trimming the scanned 3D specimen as a 

cylinder in CTAn. Sampled cylinder containing gray-scale pixels has been binarized. Binary 

images contain only black and white pixels. Porosity measurement is one of the morphometric 

post-processing analysis that is performed by CTAn on a selected volume of interest.  Within white 

pixels, as known as the objects, CTAn identifies the pores as black pixels surrounded by the white 

pixels. There are two types of porosity definition within CTAn. First one is the bubbles, better 

known as closed pores, where the volume of black pixels fully surrounded by on all sides by the 

white voxels. The second one is connecting channels, better known as the open pores, where a 

volume of black pixels located inside a solid object and that has a connection to the boundary of 

the volume of interest. Both closed and open pore calculations can be performed on layer level 

(2D) or object level (3D) and explain the morphology of the object. 

 

Microstructural analyses of the raw SP, SPC, and SPACs were carried out using LEO Supra VP35 

field emission scanning electron microscope.   

 

Surface characterizations of the sunflower pith based sodium hydroxide activated carbons (N-

SPAC), and potassium hydroxide activated carbons (K-SPAC) were conducted by Quantachrome 

Nova 2200e surface area analyzer. Samples were outgassed at 110 oC for 6 hours before analysis. 

N2 adsorption studies were performed at -196 oC. BET Surface areas were measured from N2 

adsorption isotherms, pore size distribution was determined by DFT method, and micropore 

volume was calculated by DR method. The total pore volume of the samples was found by the 

volume of liquid nitrogen corresponding to the amount adsorbed at a relative pressure of P/P0 = 

0.99. Mesopore volume was determined from the differences between the total pore volume and 

micropore volume. 

 

2.5. Methylene blue adsorption experiments 

 

Adsorption experiments were performed by using methylene blue (MB) as an adsorbate 

(purchased from Merck, Germany). Batch experiments were prepared using a set of concentration 

range varying from 50 ppm to 1000 ppm of MB, all by diluting 2000 ppm stock solution.  25 ml 

of each MB solutions were mixed with 25 mg of N-SPAC and K-SPAC in 100 ml serum bottles. 

Then, bottles that contain a different initial concentration of MB and SPAC were placed in a shaker 

at 25 ºC and agitated at 200 rpm. Three hours equilibrium time was used for adsorption 

experiments.  All samples were filtrated through 0.2 micrometers syringe filters in order to separate 

supernatant solution from the SPAC particles. Remaining dye concentration in the supernatant 

solutions was then calculated using UV-Vis spectrometer measuring adsorption intensities at a 
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wavelength of 664 nm in comparison to a previously recorded calibration curve of MB at 664 nm. 

Equilibrium uptake 𝑞𝑒(mg/g) associated with N-SPAC was calculated by equation 1. 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑊
                                                  (1) 

  

where 𝐶0 (𝑚𝑔/𝑙), 𝐶𝑒  (𝑚𝑔/𝐿), and W (g) are initial and equilibrium concentrations (in a specific 

volume of solution (V (L)), and mass of adsorbent used, respectively.  For all initial concentrations, 

equilibrium uptakes were calculated and fitted to the Langmuir and Freundlich isotherm models. 

 

Langmuir [33] and Freundlich [34] isotherm models are widely used for a single solute system for 

describing dye adsorption at solid-liquid interfaces.  Langmuir isotherm model suggests that all 

adsorption sites are equivalent and limited by monolayer coverage.  Nonlinear form of the 

Langmuir model is derived as;  

𝑞𝑒 =
𝑄𝑚𝐾𝑎𝐶𝑒

1+𝐾𝑎𝐶𝑒
                                                  (2) 

Langmuir model parameters such as monolayer adsorption capacity per gram adsorbent (𝑄𝑚 

(mg/g) and Langmuir constant (𝐾𝑎 (L/mg)) related to rate of adsorption, can be calculated by 

determining 𝑞𝑒 and 𝐶𝑒. 

On the other hand, Freundlich isotherm model considers that adsorption sites are heterogeneous 

and surface energies are changing with surface coverage. Nonlinear Freundlich isotherm model is 

expressed as the following equation;  

                                     𝑞𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛                                                  (3) 

 

Where 𝐾𝐹  and n are Freundlich constants and 𝐾𝐹(L/mg) is the adsorption coefficient which 

represent the amount of the dye adsorbed at unit concentration. Heterogeneity factor “n” is the 

representation of how favorable adsorption process is.  

Note that the nonlinear forms of adsorption isotherm models were used due to better representation 

of the experiment results [35-38]. Numerous researchers showed that linearized form of adsorption 

models have disadvantages because the transformation of nonlinear isotherms into a linear form 

results in variation in error distribution [38]. Nonlinear isotherm model parameters were calculated 

using a fitting procedure implemented via Solver add-in module of Microsoft Excel program.  

 

Methylene Blue adsorption kinetic experiments 

 

Adsorption kinetic experiments were conducted similarly to the adsorption equilibrium 

experiments. For each experiment, 25 ml of known concentration of MB solutions (mg/L) was 

mixed with 25 mg N-SPAC and withdrawn at different time intervals. Adsorption amount at any 

time 𝑞𝑡  (mg/L) was calculated by; 

                                   𝑞𝑡 =
(𝐶0−𝐶𝑡)𝑉

𝑊
                                         (4) 
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where 𝐶𝑡  (mg/L) is the remaining dye concentration at time, t. Initial concentrations were set to 

500 and 1000 mg/L and adsorption time was considered up to 180 minutes. 

 

Pseudo first-order [39], pseudo-second order [40], Elovich [41] and intraparticle diffusion [42] 

kinetic models were applied to understand adsorption dynamics related to the time for MB, N-

SPAC system.  Adsorption related to the diffusion from the boundaries usually follow pseudo first 

order kinetics, which is defined as;  

𝑞𝑡 = 𝑞𝑒[1 − 𝑒−𝐾1𝑡]                                        (5) 

 

On the other hand, pseudo second order kinetic model follow whole range of adsorption and is 

represented as;  

                                             𝑞𝑡 =
𝐾2𝑞𝑒

2𝑡

1+𝐾2𝑞𝑒𝑡
                                      (6) 

 

Where 𝐾1and 𝐾2 are the adsorption rate constant (1/min) for pseudo first and second order 

adsorption.  

Elovich equation is one of the most useful rate equation based on the adsorption capacity which is 

expressed as follows; 

                                                 𝑞𝑡 =
1 

𝛽
ln (1 + 𝛼𝛽𝑡)                                                (7) 

 

 where β is the desorption constant (mg/g) related to the extent of coverage and activation energy 

of chemisorption and α is the initial adsorption rate (mg/g/min) 

Another applicable model to understand diffusion mechanism is the intraparticle diffusion model 

purposed by Webber and Moris [42]. Intraparticle diffusion rate 𝐾𝑖𝑑(1/min) and Intercept C can 

be determined by equation 8. 

                                                              𝑞𝑡 = 𝐾𝑖𝑑𝑡0.5 + 𝐶                                           (8) 

 

The best model was identified by the nonlinear fitting using Solver add-in in Excel. Most suitable 

model to describe the system was chosen by comparing correlation coefficient (𝑅2) values.  

For comparing the applicability of the kinetic models, normalized standard deviation of the models 

was calculated by Eq. 7;  

                          𝛥𝑞𝑒 (%) = 100√∑
[(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙)/𝑞𝑒,𝑒𝑥𝑝]

2

𝑁−1
                   (9) 

 

Where N is the number of data points, 𝑞𝑒 , 𝑒𝑥𝑝 and 𝑞𝑒 , 𝑐𝑎𝑙 are the experimental and calculated 

equilibrium adsorption capacity, respectively. 

 

3. Results and Discussions 
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3.1. Structural characterization 

 

Computed Tomography (CT) Scan analysis has been suggested as an effective tool to characterize 

porous network structures [43, 44].  The morphological CT analysis of SP (Fig. 2a-c) showed that 

it contains on average 56 percent pore at each layer of the selected volume of interest (Table 1). 

The porosity analysis was performed as 2D and 3D scans separately by CTAn. Results show that 

the most of the closed pores that are observed at 2D SP layers are not closed in 3D. While 2D 

analysis characterized 96 % of the total porosity as closed pores, 99% of the pores was found open 

in the 3D analysis suggesting that pores on two dimensional layers (Fig. 2c) are connected on the 

z direction (stalk growth direction). The formation of 3D open pores is attributed to the 

interlaminar spacing of SP flakes and stacking of 2D closed pores on an x-y plane through z-

direction. This lamellar formation was further explored by SEM (Fig. 2d-e) where individual layers 

of SP flakes (Fig 2e) are layer by layer aligned in the Z direction.  

 

 
 

ACCEPTED M
ANUSCRIP

T



Fig. 2. (a) Raw SP CT scan on the z-y plane (b) Raw SP CT scan on the z-x plane (c) Raw SP CT 

scan on the x-y plane (d) SEM image of SP on the x-z plane e) SEM image of SP on the x-y plane. 

 

Table 1  

CT Scan porosity analysis of raw SP 

 

SP is a soft, porous material, which has very high (70%) holocellulose content [21]. Most of the 

cellulosic parts of the pith were degraded during the pyrolysis. The yield of remaining char at 500 
oC was around 35 %. After carbonization, stacked flakes in the raw structure were separated from 

each other. This might be the result of degradation of weak interactions between flat cells, which 

can easily break apart during pyrolysis [45]. On the other hand, it is very interesting that lamellar 

structure retained its form during carbonization. Individual SPC flakes after pyrolysis are shown 

in Fig. 3 (a-b). The in-plane widths of SPC flakes vary from 10 microns to 100 microns. Their 

thickness is around 200 nm with very little variation. Homogeneous distribution of the char flakes 

is a good indicator of the lamellar structure of the SPC and its derivative SPACs. It is a promising 

result for usage of SPCs in a high performance supercapacitor for electrode material [45, 46].  

 

Chemical Activation of the SPC was conducted by alkaline hydroxides, NaOH and KOH. The 

Sunflower pith carbon (SPC) was impregnated with excess hydroxide solutions followed by a heat 

treatment. Chemical reactions of alkali-based activation follows the same mechanism as reported 

in the literature previously [41, 47, 48].    

Activation yield was calculated according to the weight ratio of the raw SP to activated carbon 

SPAC.  The activation agent NaOH resulted in 9-10% yield of N-SPAC, whereas the yield for K-

SPAC (with KOH) was around 15%. Results show that NaOH activation provides a lower yield 

than KOH activation, due to the fact that NaOH is more reactive with lignocellulosic materials 

than KOH during activation. In Fig. 3(c-f), SEM analysis of the N-SPAC and K-SPAC, pore 

formation, and structure of the resulting activated carbons can be seen in detail. The figures suggest 

that a lamellar structure similar to the raw SP’s inherent structure remained dominant despite harsh 

activation conditions with alkalines. The pore formation was further elaborated in textural analysis 

section 3.2 

 

Closed Porosity (%) Open Porosity (%) Total Porosity (%) 

2D Average 3D 2D Average 3D 2D Average 3D 

53.58 0.02 4.28 57.53 55.57 57.54 
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Fig. 3. (a) SPC structure (b) SPC flake thickness (c) N-SPAC (d) K-SPAC (e) Pore formation after 

activation (f) Lamellar structure after activation. 

 

Raman spectroscopy gives information about microcrystalline carbon structure, such as the degree 

of ordering and crystallinity of carbon materials. Analysis of carbon crystalline structure by Raman 

spectroscopy, mostly focused on the investigation of G band (graphitic 1580 cm-1), which 

represents crystalline graphite and D band (disorder 1360 cm-1), that originates from various kinds 

of defects in graphitic structure [49].  The intensity ratio of the disordered carbon D band to the 

first order graphitic G band (ID/IG) in carbon structure is generally used to compare the degree of 

structural order and calculate in-plane crystallite size La [50, 51].  In this study, Raman 

spectroscopy was used to assess the degree of structural order of SPC and its derivatives Na-SPCA 

and K-SPCA to evaluate the effect of activation process on the microcrystalline structure. Raman 

spectrums obtained from SPC, N-SPAC, and K-SPAC exhibited two broad and overlapping peaks 

with intensity maxima located at around 1350 cm-1 (D-band) and 1590 cm-1 (G-band) (Fig. 4). Due 
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to the small crystallite size of biomass char and activated samples, widths of these two bands were 

considerably large like most of the disordered carbon materials. Ratios of the D band to G band 

get lower with higher structural alignment. ID/IG ratios of the SPC, N-SPAC, and K-SPAC were 

calculated as 0.971, 0.932 and 0.934, respectively. For all the samples, ID/IG ratios are lower than 

1. It is attributed as an indicator of the high structural order of carbon which derived from 

sunflower pith compared to the other lignocellulosic biomass chars.  ID/IG ratio of the activated 

samples seems to be slightly lower than the char. One can say that carbon skeleton of the char 

remained mostly unchanged after the activation. Moreover, the position of the G-band was blue 

shifted (7 cm-1) to 1591 cm-1 for activated samples with respect to the SPC. It could be the result 

of the higher activation temperature, which leads to a higher extent of graphitization. Similar 

results were observed for biomass char in the literature suggesting higher carbonization 

temperature caused the G-band to shifted higher wavenumbers [52]. 

 
Fig. 4. Raman spectra of SPC and activated carbons. 

 

FTIR analysis was utilized to evaluate the chemical structure of sunflower piths and functional 

group changes after carbonization and activation process. In Fig. 5, FTIR spectra of the raw 
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sunflower pith, SPA, and activated carbons SPAC were shown.  The broadband near 3300 cm−1 in 

the FTIR spectra of raw SP is due to O–H and N-H groups. This band indicates that the organic 

matrix of the biomass has oxygen-containing functional groups and secondary bonding within the 

structure. Another distinct band around 2900 cm-1 represents C-H stretching vibration in the 

biomass. Peaks at 1730 cm-1 and broad adsorption band at 1600 cm-1 is related to the C=O 

stretching vibration of carbonyl groups (C=O), and C=C groups in the aromatic structure in the 

raw spectrum. The bands near 1420 cm−1 are due to the CH2 asymmetric deformation, and aromatic 

C-C stretch [53] and bands between 1375 to 1100 cm-1 are assigned to phenol O-H bending [54], 

C-O stretching in carboxylic acids, alcohols and esters and phenolic C-O associated with lignin 

[41, 53, 54]. The broadband at 1050 cm−1 is associated with C-O-C stretching in cellulose and 

hemicellulose [54, 55]. Low-intensity bands were observed between 900-600 cm-1 regions due to 

the antisymmetric out-of-plane aromatic ring stretch [56] for the raw SP. 

 

After carbonization, most of the functional groups in the raw SP diminish. The FTIR spectra of 

the SPC shows an apparent loss of functionalization in the region between 3500 to 1600 cm-1, due 

to the loss of oxygen-containing groups and volatile aliphatic groups. The absence of the peak at 

3250 cm-1 corresponds to a loss of the moisture and hydroxyl group during carbonization. Aliphatic 

C-H stretching around 2900 cm-1 also diminished due to complete removal of hydrogen containing 

aliphatic groups. Shoulder at 1578 cm-1 and peak at 1455 cm-1 are indications that the aromatic 

structure was still preserved after the carbonization although intensity decayed.  The most intense 

peak in the SPC is at 1375 cm-1 and attributed to the phenolic C-O-H band.  Important bands 

between 1300 to 1050 cm-1 represent C-O functional groups, mostly associated with the plant 

cellulose structure [57] in raw sample, lost their intensity after carbonization. This suggests that 

oxygen-containing groups related to the cellulose and hemicellulose fragments were decomposed 

during the carbonization at 500 oC, but phenolic groups, which are related to the lignin fragment 

of biomass were still present in the char derived from sunflower pith. FTIR spectra obtained from 

both N-SPAC and K-SPAC showed very similar trends.  

Due to the carbonization and activation process, chemical bonds were broken, and most of the 

functional groups were loose. The intensities of the antisymmetric out-of-plane aromatic ring 

stretch between 900 to 600 cm-1 bands were observed very clearly because of the reduced total 

intensity of the spectrum as a result of the loss of functionality. The most distinct difference 

between char and activated compounds was the disappearance of 1375 cm-1 peak, related to the 

phenolic groups. It could be the result of decomposition of lignin part in the char during activation 

which was conducted at 700 oC. ACCEPTED M
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Fig. 5. FTIR spectra of Sunflower pith and its derivatives. 

 

3.2. Textural characterization  

 

Porous texture characterization of the activated carbon is an essential task to understand the effect 

of activation process and influence of the activating agent on SPC. For this reason, nitrogen 

adsorption and desorption isotherms at 77 K were determined to assess the porous structure of the 
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SPACs. N2 adsorption isotherms of N-SPAC and K-SPAC are shown in Fig. 6(a), where shapes 

of the isotherms are an indicator of the porous texture of the activated carbons.  The N2 isotherms 

seemed like a combination of type I and type II isotherms according to the IUPAC classification 

due to the hysteresis loop between adsorption and desorption branches. Type I isotherm is 

associated with the monolayer adsorption representing high affinity between adsorbent and 

adsorbate which is a typical characteristic of micropore dominated materials. At low-pressure 

region, micropore filling is favorable which is followed by a mesopore filling contribution at high 

relative pressure region related to type II isotherm [41].  In N-SPAC adsorption isotherm, a steep 

increase over relative pressure of 0.1 was an indication of a wide range of micropore distribution. 

On the other hand, there was not any significant slope over the 0.1 P/P0 range in K-SPAC isotherm, 

considered as an indication of more Langmuir type behavior. Microporosity distribution of this 

sample was narrower than N-SPAC. In addition, hysteresis loop between 0.3 - 0.8 relative pressure 

regions was associated with the capillary condensation in mesopores [58]. The shape of the 

hysteresis loop confirmed that narrow slit-like pores in both structures [58-60]. However, the 

hysteresis loop of the N-SPAC was wider and larger compared to the K-SPAC, which suggests 

that N-SPAC had a high ratio of mesopores and a wide range of mesopore development than K-

SPAC [61]. The result of the isotherm analysis showed that pore development closely related to 

the activating agent [29]. According to isotherms, SPC activation with NaOH resulted in a high 

and wide range of porosity by combining micro and mesopores together. Whereas KOH activation 

of the SPC caused narrow pore size distribution with mostly micropore dominated.  

 

 Table 2 

 Porous texture characterization of N-SPAC and K-SPAC.  

 
SBET 

(m2 g−1) 

BET P/Po 

range  

C 

constant 

VT 

(cm3 

g−1) 

Vu(cm3 

g−1) 

Vm 

(cm3 

g−1) 

Vu/VT 

(%) 

Dp 

(nm) 

N-

SPAC  
2690 0.04 – 0.2 66 1.75 0.94 0.81 54 2.60 

K-

SPAC 
2090 0.01 - 0.1 411 1.24 0.86 0.38 69 2.37 

 

Porous texture analysis of the activated samples is shown in Table 2. BET surface areas of the 

samples were compatible with the isotherm analysis. The surface area of the NaOH activated N-

SPAC was calculated as 2690 m2/g, 29% higher than KOH activated K-SPAC surface area of 2090 

m2/g. A wide range of porosity increase was observed in N-SPAC surface area due to the combined 

effect of mesopores and micropores. BET equation is usually applied over the range from 0.05 to 

0.3 relative pressures. However, it was observed that usual range was not applicable for K-SPAC 

sample. This is a general situation for microporous samples because of micropore filling is 
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completed at much lower relative pressures [58, 62]. This was another indication of the 

microporous texture of K-SPAC. Relative pressure ranges and calculated C constants for BET 

surface area determination were given in Table 2.  The C constant calculated from BET equation 

is a qualitative result related to the enthalpy of monolayer adsorption. As it can be seen in Table 

2, the C value of K-SPAC is higher than N-SPAC, an indication of the higher magnitude of 

adsorbent- adsorbate interaction energy common for micropore-dominated materials [58]. Total 

pore volumes of the N-SPAC and K-SPAC were calculated as 1.75 cm3/g and 1.24 cm3/g, 

respectively. The K-SPAC micropore volume was determined as 0.86 cm3/g which cover 69 % of 

the total porosity. On the other hand, for N-SPAC, pore fractions were distributed by micro and 

mesopores. The N-SPAC micropore fraction was 54 % due to the higher mesopore development 

with NaOH activation compared to the KOH.  The average pore diameter of N-SPAC and K-SPAC 

were calculated as 2.60 nm and 2.37 nm, respectively. The NaOH activated sample had wider pore 

development that resulted in higher average pore diameter. On the contrary, the KOH activated 

sample had lower average pore size due to the specific pore formation in micropore region. Pore 

developments of the activated samples can be observed in detail by pore size distributions as 

illustrated in Fig. 6(b). Both samples had a great number of pores accumulated in the micropore 

region, however, for the NaOH activated sample, a large volume of mesopore structures was 

determined between 2 nm to 5 nm. In addition, a wide range of mesopore distribution can be 

observed in the N-SPAC compared to the K-SPAC, which had also some mesopores very close to 

the micropore region around 2 nm. Textural analysis showed that KOH activation caused only 

micropore development with very narrow pore distribution which is responsible for the high 

surface area for K-SPAC. On the other hand, NaOH seemed to be more reactive with sunflower 

pith char which led micropores to merge and collapse in the structure forming the mesopores. The 

synergetic effect of the presence of mesopores and micropores in the structure can significantly 

enhance adsorption capacity of the N-SPAC, especially for large adsorbates such as dye molecules. 

 

 

 

ACCEPTED M
ANUSCRIP

T



 
Fig. 6. (a) N2 adsorption isotherms of N-SPAC and K-SPAC (b) NLDFT pore size disruption of 

N-SPAC and K-SPAC. 
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3.3. Adsorption and kinetic studies with methylene blue (MB) 

N-SPAC was chosen for adsorption and kinetic studies with MB due to its higher surface area and 

a wide range of porosity that can lead to higher adsorption capacity and faster kinetics, even if a 

large dye molecule like MB was used as an adsorbate.   

3.3.1. Adsorption Isotherms 

Adsorption isotherms are very beneficial tools to predict adsorbent efficiency as they describe 

interactions between adsorbate molecules and adsorbent materials at equilibrium [63]. Therefore, 

analysis of the isotherm data as empirical equations is crucial for determining a suitable model that 

can be used for practical design and operation of the adsorbent systems [28]. In order to determine 

adsorption parameters, MB/N-SPAC and MB/K-SPAC systems were used as model systems. The 

width of MB molecule is 1.4 nm [28]; therefore, it can only enter large micropores bigger than its 

width [64].  It was shown that MB adsorption is not only related to the high surface area and pore 

volume and there is a significant contribution from mesopores [64, 65].   Langmuir and Freundlich 

isotherm models (Eq. 2 and 3, respectively) were used to analyze experimental data due to their 

wide usage of the describing dye adsorption at solid-liquid interfaces. Their nonlinear forms were 

fit to the experimental data as shown in Fig. 7. 

 
Fig. 7. Experimental data of MB/N-SPAC and MB/K-SPAC adsorption and nonlinear fitting of 

Langmuir and Freundlich models.  

 

 

 

Table 3 
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Langmuir (Eq. 2) and  Freundlich (Eq. 3) isotherm model parameters. 

 AC Type  Langmuir Freundlich 

 

N-SPAC 

Qm=  965.4 mg g-1 

Ka= 1.612 L mg-1 

R2= 0.899 

Kf = 780.5 mg g-1 

ηf = 23.957 

R2= 0.701 

 K-SPAC  

Qm=  580.6 mg g-1 

Ka= 4.553 L mg-1 

R2= 0.723 

 

Kf = 396.19 mg g-1 

ηf = 11.22 

R2= 0.912 

 

 

Langmuir and Freundlich's model parameters are presented in Table 3. Langmuir monolayer 

adsorption capacity (Qm) of the N-SPAC was equal to 965.349 mg/g.  The coefficient of 

determination, R2 value for the fit by Langmuir model was 0.899.  On the other hand, the R2 value 

for the Freundlich isotherm model based fit, which considers adsorption on the heterogeneous 

surface was 0.701. The heterogeneity factor nf is used to evaluate nature of the adsorption process. 

When adsorption is physical (nf > 1), linear (nf =1) or chemical (nf < 1). Calculated nf was greater 

than one that suggests physical nature of adsorption. Langmuir isotherm model’s R2 value was 

much higher than that of Freundlich model and calculated monolayer capacity is very close to the 

experimental adsorption capacity of N-SPAC, which is determined as 950 mg/g.  According to the 

results, Langmuir adsorption model was a better fit for the experimental data leading to the 

conclusion that the surface is homogenous and adsorption of dye molecule occurred monolayer 

onto the N-SPAC surface. 

When compared with. N-SPAC specimens, K-SPAC specimens had a significantly lower 

monolayer adsorption capacity (580.6 mg g-1) Also adsorption mechanism rather followed 

Freundlich isotherm which suggested the presence of heterogenous adsorption sites. However, as 

reported above the yield of K-SPAC (%15) specimens is considerably higher than N-SPAC (%9-

10) specimens which can make them economically more favorable.   

Monolayer adsorption capacity of the N-SPAC is very high due to its high surface area, pore 

volume, and wide pore distribution. The mesopores and large micropores together allowed access 

of large dye molecules like MB into the whole surface of N-SPAC, i.e., high organic molecule 

uptake. Activated carbon prepared by sunflower pith facilitated one of the promising MB 

adsorption capacity compared to studies reported in the literature (Table 4).  
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Table 4 

Maximum MB adsorption capacity of the various AC’s derived from different agricultural waste 

based pre-cursors.  

Adsorbate (AC source) Acivation 

Technique 

Specific Surface 

Area (m2/g) 

Qmax 

(mg/g)  

Ref. 

Sunflower Pith NaOH 2690 965 This 
work 

Sunflower Pith KOH 2090 580.6 This 
work 

 Coconut Shell   NaOH  876.14 200 [66] 

Coconut Shell NaOH  2885 916.26 [28] 

Coconut Shell CO2  1421 100 [67] 

Coconut Shell KOH/CO2  1940 434.8 [68] 

Coconut Shell ZNCl2/CO2 1884 14.36 [69] 

Tea   H3PO4  524 683.6 [70] 

Banana Peel   1188 454.54 [71] 

Grapefruit Peel  1198 456.28 

Mandarin Peel   1077 400 

Pomelo Peel   836 222.22 

Vetiver Roots  H3PO4  1004 423 [72] 

 H3PO4+ Steam  1185 145  

Grape Waste  ZNCl2 1455 417 [73] 

Tomato Waste  ZnCl2  1093 400    [74] 

Coffee  Grounds H3PO4 925 367 [75] 

Rattan Sawdust KOH 1083 294.12 [76] 

Buriti Shells  ZnCl2/CO2  843 275 [77] 

P. oceanica (L.) dead leaves ZnCl2 1483 270.03 [78] 

Oil Palm Shell  KOH 596.2 243.9 [79] 

Cocoa Shell  CO2  85 213 [80] 

Cotton Stalk  ZnCl2 794.84 315.45 [81] 

Pine cone  ZnCl2 939 60.97 [82] 

 

 

3.3.2. Adsorption Kinetics 

 

Determination of adsorption kinetics is important to understand the adsorption dynamics in terms 

of contact time and mass transfer of adsorbate. In order to find appropriate reaction order of the 

MB/N-SPAC system, experimental kinetic data were fit to a nonlinear form of pseudo first-order, 

pseudo second-order and Elovich kinetic models. Two different initial concentrations were chosen 

for adsorption kinetics experiments at low (500 mg/L) and high (1000 mg/L) adsorbate 
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concentration. Experimental data and model based curve fitting are shown in Fig. 8(a-b).  At low 

initial concentration, adsorption kinetic was very fast and reached equilibrium in 10 minutes. 

Whereas at high initial concentration, adsorption kinetics was fast at the beginning, but it almost 

reached equilibrium in 3 hours.  

 

At 500 mg/L initial concentration, pseudo first-order model and pseudo-second order reaction 

kinetic model coefficients of determination R2 are 0.997 and 0.996, respectively (Table 4). They 

both had a low normalized standard deviation (Δq) from experimental data. However, the pseudo 

first-order model appeared more suitable with lowest Δq value, which was 2.26 %. This result 

signified that adsorption kinetics at low initial dye concentration is governed by adsorption process 

occurring on the adsorbent surface that based on the adsorbent capacity. 

At 1000 mg/L initial concentration, neither pseudo first-order (R2=0. 878, Δq = 17%) nor pseudo 

second-order model (R2=0.936, Δq = 12%) fit well enough to the experimental data.  However, 

the relatively high R2 value of the pseudo second-order model was considered an indication of 

chemisorption related adsorption rate at high adsorbate concentration. The main reason for low 

correlation of pseudo second-order model was that chemisorption did not reach an endpoint even 

at high surface and bulk coverage after a long period of interaction time. On the other hand, Elovich 

model gave a considerably good fit to the experimental data. Its R2 value (0.972) was higher, and 

Δq is about 7%. The Elovich model does not predict any definite mechanism but has been found 

useful in describing predominantly chemical adsorption on highly heterogeneous adsorbents [83]. 

Therefore, adsorption kinetics can be associated with chemisorption through the energetically 

heterogeneous active sites due to the wide pore structure of N-SPAC. Results suggested that at 

high initial MB concentrations, MB/N-SPAC adsorption process followed the Elovich model, 

which is related to the heterogeneous chemisorption mechanism. 

However, relatively high Δq and low R2 values due to the three kinetic models, at high initial 

adsorbate concentration chemisorption may not be stated as the sole rate determining step for MB 

adsorption kinetics on N-SPAC. 

  

Table 5 

Kinetic model parameters of MB/N-SPAC system at 500 mg/L and 1000 mg/L initial 

concentrations. 

C0 

(mg 

L-1) 

Qe, exp 

(mg g-1) 

Pseudo First 

Order 

Pseudo Second 

Order 
Elovich 

Intraparticle 

Diffusion 

530 527.9 

qe =509.1 (mg 

g-1) 

K1= 0.4 (min-

1) 

 

R2=0. 997 

Δq= 2.3 % 

qe =517.7 (mg 

g-1) 

K2= 0.0026 (g 

mg−1 min−1) 

 

R2=0. 996 

Δq= 2.7 % 

α=509.5 (mg g−1 

min−1) 

β=0.01 (g mg−1) 

 

R2=0.810 

Δq= 22.26% 

Kdi1 = 64.6 (mg g−1 

min−1/2) 

C1 = 297.7 (mg g-1) 

Kdi2 =2.2 (mg g−1 

min−1/2) 

C2 =489.2 (mg g-1) 

R2 =  0.692 
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1000 958.9 

qe =799.9 (mg 

g-1) 

K1= 0.2 (min-

1) 

 

R2=0. 878 

Δq= 17.0 % 

qe =875.4 (mg 

g-1) 

K2= 0.00022 

(g g−1 min−1) 

 

R2=0. 936 

Δq= 12.9 % 

α= 1043.9 (mg g−1 

min−1) 

β=0.008 (g mg−1) 

 

R2=0.972 

Δq= 6.6% 

Kdi1 = 64.9 (mg g−1 

min−1/2) 

C1 = 359.4 (mg g-1) 

Kdi2 =40.0 (mg g−1 

min−1/2) 

C2 =425.7 (mg g-1) 

R2 =  0.993 

 

Another consideration in adsorption kinetics is intraparticle diffusion model suggested by Weber-

Morris [42]. As the name implies, this model assumes that adsorption is related to the diffusion of 

the adsorbate molecules into the inner pores of adsorbent particles [84]. In Fig. 8 (c), Intraparticle 

diffusion plot of qt versus t1/2 can be seen. In case of a single straight line fitting the hole 

experimental data, adsorption is attributed only to the intraparticle diffusion.  If the fitting requires 

two or more lines for representation of the data, it means that there are also other mechanisms that 

influence the adsorption other than the intraparticle diffusion. The plots of MB/N-SPAC system 

gave two straight lines for both concentrations. The line at early stages with higher slope indicated 

macro and mesopore filling and second line represents gradual adsorption into the micropores 

which are dominated by intraparticle diffusion [85, 86]. Both lines gave intercept, which showed 

that intraparticle diffusion was not the only rate limiting mechanism. Intraparticle diffusion 

parameters associated with the present data are listed in Table 4. Kdi1 and Kdi2 are the intraparticle 

diffusion constants for region 1 and region 2, respectively. C is the intercept which indicates the 

thickness of the boundary layer. For both concentrations, Kdi1 values were higher than Kdi2 values, 

which indicated that adsorption rates were higher in the first stages than the second stage. In the 

first stage, adsorption of MB onto the external surface (macro and mesopore structure) of N-SPAC 

caused high adsorption rates. On the other hand, in the second stage, the internal surface 

(micropore) filling was dominant, and the rate was getting slower which is governed by 

intraparticle diffusion. R2 value of the 1000 mg/L initial concentration (0.993) is much higher than 

500 mg/L initial MB concentration, which suggests that intraparticle diffusion was more favorable 

at high initial dye concentrations than at low dye concentrations. Kinetic results overall showed 

that for MB/N-SPAC systems, at 1000 mg/L initial MB concentration, intraparticle diffusion 

model played a significant role in the uptake of the adsorbate by N-SPAC. 
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Fig. 8. (a) Non-linear fits by pseudo first-order, pseudo second-order and Elovich models at 500 mg/L initial MB concentration (b) 

Nonlinear fits by pseudo first-order, pseudo second-order and Elovich models at 1000 mg/L initial MB concentration (c) Intraparticle 

diffusion model plots of 500 and 1000 mg/L initial MB concentration. 
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4. Conclusion 

 

The present study demonstrated that high surface area activated carbons can be prepared from 

waste-biomass sunflower piths by alkaline hydroxides. SEM analysis assisted by Micro CT of the 

raw sample showed lamellar network (flake-like structure) of the pith. Sunflower pith char (SPC) 

retained this flake-like form with a homogeneous distribution of flake thickness of around 200 nm. 

BET Surface area of the NaOH-activated N-SPAC was calculated as 2690 m2/g  that was higher 

than KOH-activated K-SPAC 2090 m2/g. Textural analysis showed that the KOH activation caused 

mostly micropore development with very narrow pore distribution. On the other hand, NaOH 

seemed to be more reactive with the SPC, which resulted in micropores to merge and collapse in 

the structure to form also mesopores.  

Maximum adsorption capacity of N-SPAC was calculated as 965mg/g whereas it was 580 mg/g 

for K-SPAC specimens.  

Adsorption kinetic studies for N-SPAC revealed that at a low initial concentration of dye (500 

mg/L), the pseudo first-order kinetic model was predictive. On the other hand, at high initial MB 

concentration (1000 mg/L), the results indicate that the adsorption kinetics follow the Elovich 

model with intraparticle diffusion as one of the rate-determining steps. 

In summary, the N-SPAC prepared by SP had very high MB adsorption capacity due to its high 

surface area, pore volume, and wide pore size distribution.  The combined effect of the mesopores 

and large micropores allowed access of large dye molecules like MB into the whole surface of the 

N-SPAC.  On the other hand K-SPAC yield (%15) was higher than N-SPAC(%10) which can 

consolidate its usage from economic point of view in wastewater treatment technologies. 
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