Abstract
In this study, an effective cation exchanger was developed from the pine cone by citric acid modification and its hardness removal properties from the waters were investigated. For this purpose, ground pine cone samples were subjected to a citric acid modification following NaOH saponification. Both of the raw (RPC) and modified pine cone (MPC) samples were subjected to standardized hardness removal tests by shaking with hard waters. These tests showed that citric acid modification significantly increases the cation exchange capacity of the pine cone. Most suitable size fraction of pine cone was determined as -16 + 30 mesh (600 µm < x < 1200 µm). Also, citric acid modified product obtained from this fraction was used in a continuous system to remove hardness from water. The results of this study showed that the MPC can be used for hardness removal from waters as a cheap, durable and environment-friendly material. Finally, regeneration experiments showed that the MPC can be used for hardness removal from water repeatedly by a simple HCl regeneration.
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1. Introduction
A considerable amount of pine cone can be obtained from forested areas. Pine cones significantly contain cellulose, hemicellulose and lignin. Also, it contains little amounts of xylose, arabinose and some extractable compounds. Due to it has a woody structure, pine cones are evaluated as fuel or fire initiator on a large scale. There is no important industrial usage of the pine cone. In some researches, it has been reported that some extraction products obtained from pine cones can be used as medicine or fungi toxic agent [1].
In a few last decades, a lot of studies on the production of ion exchange resin from plant residues have been made. Especially, it can be said that studies mainly focused on the ion exchanger production from agricultural wastes. The main goals of these studies are to obtain cheaper and environment-friendly ion exchanging materials. In fact, most of the commercial ion exchangers are produced from petroleum derivatives. Some environmental and health risks can occur during both production and usage of ion exchangers obtained from petroleum derivatives. For example, although carcinogenic effects of some petroleum derivatives are well known, ion exchangers obtained from these derivatives are widely used for drinking water treatment. So, it can be said that production from the natural sources is an important issue.
It has been showed that treating agricultural materials with polyacids (citric, tartaric, phosphoric i.e.) at a mildly elevated temperature enhanced their metal ion sorption capacity [2] and [3]. By such a treatment, some extra carboxyl groups can be introduced to the material by forming ester linkages. Some agro-industrial materials have been modified with commercial phytic acid, which is an organic polyphosphoric acid [4]. A research group has extensively studied on the ion exchanger production from cellulose based agricultural by-products such as soybean hull, peanut shell and corn cob by using the citric acid modification [5–12]. Some other lignocellulosic materials modified by citric acid such as sugar beet pulp [13], lemon [14] and [15], leaves [16], grass [17], barley straw [18], soybean straw [19], bagasse [20] and paper [21] have been investigated for heavy metal removal from aqueous solution. In fact, similar ion exchangers can be used to remove water hardness mainly originated from calcium and magnesium cations. This situation is also important due to use of natural ion exchanging material against the resins obtained from petroleum derivatives for softening of drinking water. Nevertheless, there are only a few studies on the usage possibility of the natural material based ion exchangers for removing of Ca and Mg hardness from the waters. Junior et al. [22] have studied Ca2+ and Mg2+ removal from aqueous solutions by using mercerized cellulose and mercerized sugarcane bagasse grafted with EDTA dianhydride. In another study, removal of calcium ions from aqueous solutions by sugarcane bagasse modified with tartaric and citric acids using microwave-assisted solvent-free synthesis has been investigated [23]. Also, it can be considered that the pine cone having woody structure is more suitable than the cellulose based agricultural by-products to obtain an ion exchanging material. Especially in a continuous ion exchanging system, some physicochemical properties of the material such as water retention and swelling capacities and mechanical strength are to be important characteristics. According to these characteristic properties, the pine cone can be considered as the more suitable material than the most of agro-industrial materials for production of an ion exchanger depending on relatively high lignin content.
The main objective of this study is to obtain an ion exchanger from the pine cone by using the citric acid modification and to investigate its hardness removal abilities from the waters. For this purpose, citric acid modification method described by Marshall et al. [2]was used to prepare an ion exchanger from the pine cone. This modification method was applied to different particle size fractions of the pine cone. Obtained citric acid modified pine cone samples having different granulation were subjected to standardized batch hardness removing tests to determine most suitable particle fraction. Finally, the most suitable modified product was tested to observe hardness removal properties in a continuous system. Also, reusability properties of the material were tested by a regeneration study.
2. Materials and methods
2.1. Materials
Open cones of the 2-year-old pine tree (Pinus nigra) were collected from a plantation in Elazığ, Turkey. The cones were washed with distilled water (water/cone weight ratio: 20) three times to remove impurities such as soil and leaf. Rough moisture of wet cone scales was removed by air blowing and then they were dried by heating in an oven at 50 °C for 24 h. Cone axis were separated and removed from seed scales of the cones by pulling with a nipper. The cone scales were shredded by a blender and ground by a ball mill. Ground samples were sieved through a series sieves to obtain different particle fractions (–8 + 16 mesh, –16 + 30 mesh, –30 + 50 mesh, –50 + 100 mesh and –100 mesh). Finally, all fractions were again dried in an oven at 50 °C for 24 h.
In the study, tap water obtained in our laboratory was used for hardness removal experiments. This tap water comes from deep wells located in the Elazığ city (Turkey) and it contains high hardness in varying levels. For that reason, hardness analyses (total, calcium and magnesium hardness) were made before every experiment group.
2.2. Modification of pine cone
Modification of pine cone was carried out in two stages using the method reported by Marshall et al. [2] and Wong et al. [3]. First is extraction with NaOH solution and the second is an esterification with citric acid. In order to see the effect of particle size fraction, modified products obtained were subjected to a standardized hardness removing test by shaking of hard water-modified pine cone mixture.
100 g of the pine cone sample having different particle size fractions were placed in 2 L of 0.1 M NaOH solution in a PE jar of 5 L. The slurry was shaken at 200 rpm for 1 h at room temperature. The mixtures were poured onto a perforated ladle and rinsed with distilled water. The obtained solids were added to 2 L of distilled water in a jar and shaken at 200 rpm for 1 h to remove the excess base. The washed pine cone samples were poured onto the perforated ladle, rinsed and added to 2 L of distilled water. This procedure was repeated until no pH variation in the washing water could be detected. These products are nominated as saponified pine cone samples. Saponified pine cone samples were exposed to blowing air in order to remove excess humidity. Then, they were dried in an oven at 50 °C for 24 h. Then, they were subjected to a standardized citric acid esterification procedure the conditions of which are an optimal of the study conducted by Marshall et al. [6] in order to see the effect of saponification and citric acid modification conditions. For this purpose saponified cone samples were mixed with a 0.6 M concentration of citric acid in a ratio of 1.0 g material to 7.0 mL citric acid. Samples completely imbibed the citric acid solution within a couple of hours. The citric acid-saponified cone mixtures were dried for 24 h at 50 °C. The dried mixtures were then heated at 120 °C for 90 min. Modified products were added to distilled water in a water/solid ratio of 20 and shaken at 200 rpm for 1 h to remove unreacted acid. The mixtures were poured onto the perforated ladle, rinsed and added to new distilled water. This procedure was repeated to ensure the complete removal of unreacted citric acid. The presence of citric acid in washing waters was tested by adding 0.1 M lead (II) nitrate solution [6]. Washing was terminated when no turbidity from lead (II) citrate was observed. The modified cone samples were coarsely dried by air blowing and then in an oven at 50 °C until constant weight and final products are referred to as citric acid modified pine cone.
2.3. Standardized hardness removing tests
In order to see the effect of particle size and citric acid modification on hardness removing properties of pine cone, both of raw pine cones (RPC) and modified pine cone (MPC) samples were subjected to standardized hardness removing tests. For this purpose, 0.5 g of samples was added to 100 mL of tap water having high hardness in a 250 mL of Erlenmeyer flasks. The flasks were agitated on an orbital shaker at 200 rpm and at room temperature for 12 h. After the shaking period, mixtures were filtered through a blue ribbon filter paper and the supernatant fractions and tap water samples were analyzed for determining the hardness. Uptake values were calculated from the difference between the hardness of initial and final solutions. All experiments were carried out in duplicates and the mean values were used for further calculations. Thus, the most suitable particle size of modified pine cone samples was determined.
2.4. The characterization of materials
After determining the most suitable particle size fraction of modified pine cone from standardized hardness removing tests, some of its chemical and physicochemical characteristics were analyzed comparatively with raw pine cone having same granulation. The pH of materials in water medium was measured. For this purpose, 1 g of material was placed into a conical flask containing 100 mL of water and it was shaken at 100 rpm for 24 h. Then, the pH of the suspension was measured. In addition, the suspension was filtered and material was dried at 50 °C and weighed. Thus, matters soluble in water were determined. For determining of matters soluble in HCl, the same steps were conducted using 0.1 M HCl solution instead of water.
The material was dried at 105 °C until constant weight to determine the moisture content. The mechanical moisture content was calculated from the weight loss. The same material was burned at 600 °C for 4 h in a muffle furnace. The ash content was calculated from weight loss. Bulk densities were determined by a tamping procedure [24].
Copper ion sorption capacity of material was measured. For that reason, 1.0 g of material was added in 100 mL of 10 mmol/L solution buffered with 0.07 mol/L sodium acetate and 0.03 mol/L acetic acid to maintain the constant pH of 4.8. The amount of sorbed copper was measured using an atomic absorption spectrophotometer (Perkin Elmer AA400).
For determination of water retention capacity, dry material was soaked either in water or in 0.1 M NaNO3 for 16 h at 4 °C and centrifuged for 1 h at 5000 rpm. The supernatant was carefully removed and was weighed [25]. The swelling capacity was measured by the bed volume technique. Dry material was weighed in a glass cylinder and left overnight at 25°°C in an excess of either water or 0.1 M NaNO3 and volume change of material was determined [26].
FTIR spectrometry was used to identify the functional groups present in pine cone and citric acid modified product. FTIR spectra of the materials were recorded between 4000 and 400 cm−1 by using ATI/Unicam Mattson 1000 model spectrometer with the samples prepared as KBr pellets.
2.5. Continuous hardness removal study
After the determination of most suitable modified pine cone sample by standardized hardness removal tests, an ion exchange column was set up for this product. For this purpose, 10 g of most suitable modified sample was put into a plastic column having 23 mm inner diameter. The height of the packed portion of the column is 120 mm. Hard tap water was fed to the column at the bottom inlet by using a high-pressure pump at a constant rate of 3.33 mL/min. Thus, softened water could be obtained from column output at the same rate. Each 100 mL (equal to two-bed volume) of output solution were analyzed to determine the hardness values. Schematic representation of the continuous experiment system is shown in Fig. 1.
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Fig. 1. 
Schematic representation of continuous experiment system.
Figure options
2.6. Regeneration study
A regeneration study was made in order to see reusability of the MPC. For that reason, the 50-bed volume of hard water was fed to the fixed bed column at the constant rate of 3.33 mL/min. After the sorption stage, 200 mL (four-bed volume) of 0.1 M HCl solution was fed at the same flow rate to bed as regeneration solution. Then, the same volume of softened water was used under similar conditions for rinsing. Both of regeneration and rinsing solutions were collected in the same vessel to obtain a regeneration residue. HCl solution used in regeneration was prepared from concentrated HCl (37%) and softened water. Hard and softened waters and regeneration residues were subjected to hardness analysis and pH measurements. This procedure was repeated for ten times.
2.7. Analytical procedures
Hardness analysis of the water samples before and after contacting with raw and modified pine cone samples were made by using EDTA complexation titration routes. Same analytical procedures were applied to samples obtained in the continuous column study. Total and calcium hardness of the samples were determined by using the specific titrimetric methods [27]. Magnesium hardness was calculated from the difference between total and calcium hardness values. All hardness values (total, calcium and magnesium) were expressed as mg CaCO3/L.




3. Results and discussion
3.1. Results of standardized hardness removing tests
At the beginning of the study, hardness removal properties of pine cone samples having different particle size fraction were investigated. The results of standardized hardness removal tests for RPC samples depending on particle size fraction are shown in Fig. 2. These tests were made by contacting a tap water sample including 385 mg CaCO3/L of total hardness (230 mg CaCO3/L of calcium and 155 mg CaCO3/L of magnesium hardness) with pine cone samples having different particle size fractions under the same conditions. As shown by Fig. 2, total and individual Ca and Mg hardness values are given as mg CaCO3/L in the samples obtained after the standardized contacting tests. As expected, all hardness species were decreased by decreasing the particle size. For example, total hardness removal efficiencies were 1.3 % and 11.6 % for –4 + 8 mesh and –100 mesh fractions, respectively. It can be said that the RPC samples have insignificant hardness removal properties.
[image: The results of hardness removal tests for RPC samples (Total hardness: 385 mg ...]
Fig. 2. 
The results of hardness removal tests for RPC samples (Total hardness: 385 mg CaCO3/L; Ca hardness: 230 mg CaCO3/L; Mg hardness: 155 mg CaCO3/L; Pine cone dosage: 5 g/L; Shaking time: 12 h).
Figure options
Earlier studies focused on the enhancing of cation exchange properties of ligno-cellulosic materials showed that it is probable to increase the binding capacity by cross-linkage between the polysaccharide chains. It has been reported that one of the most suitable cross-linking agents is citric acid [2], [3], [5], [6], [7], [8], [9], [10], [11], [12],[13] and [14]. Fig 3[28] show the possible modification mechanism.
[image: Modification mechanism of MPC.]
Fig. 3. 
Modification mechanism of MPC.
Figure options
In the present study, citric acid was used as a cross-linking agent to increase ion exchange capacity of the pine cone. The results of standardized hardness removal tests for different size fractions of MPC samples are shown in Fig. 4. Similar to RPC samples, all hardness species were decreased by decreasing the particle size. On the other hand, final hardness values were significantly decreased for all size fractions with respect to raw samples. For example, maximum total hardness removal efficiencies for –100 mesh fraction of raw and modified samples were about 11% and 85%, respectively. It is obvious the positive effects of citric acid modification on the cation exchange capacity of the pine cone. Also, it can be said that there is not considerable selectivity between the Ca2+ and Mg2+ since the Ca2+/ Mg2+ ratio is about 1.4–1.5 after and before the contacting.
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Fig. 4. 
The results of hardness removal tests for MPC samples (Total hardness: 385 mg CaCO3/L; Ca hardness: 230 mg CaCO3/L; Mg hardness: 155 mg CaCO3/L; Pine cone dosage: 5 g/L; Shaking time: 12 h).
Figure options
To decide the most suitable particle size fraction of MPC, total hardness removal percentages are given in Fig 5 together with raw samples. As seen from the figure, total hardness removal efficiency does not change considerably by further decreasing the size fraction beyond the –16 + 30 mesh. Similar findings are valid for RPC. Also, this fraction can be evaluated suitable for a continuous column system. More ground fractions can have some problems such as clogging the flow depending on swelling properties in a column. Also, fine size fractions can contribute to the turbidity of treated water. Finally, it can be concluded that the most suitable size fraction of MPC is –16 + 30 mesh (600 µm < x < 1200 µm).



[image: Comparison of total hardness removal efficiencies of RPC and MPC samples ...]
Fig. 5. 
Comparison of total hardness removal efficiencies of RPC and MPC samples depending on size fraction (Total hardness: 385 mg CaCO3/L; Dosage: 5 g/L; Shaking time: 12 h).
3.2. Results of characterization tests
RPC and MPC were characterized by determining some physical, physicochemical and chemical properties. The characteristics of RPC and MPC were summarized in Table 1. As seen Table 1, all properties of MPC were best that those of RPC. Also, it can be noted that the MPC seems to be a suitable resin material for using in a continuous column system for water treatment, according to the some good physicochemical characteristics such as low swelling capacity and water retention amount. According to copper sorption capacity, MPC can be considered as a significant ion exchanger produced from a ligno-cellulosic forestry product. Wartelle and Marshall [7] have reported that the copper sorption capacities of 12 different agro-industrial materials (sugarcane bagasse, peanut shell, macadamia nut hulls, rice hulls, cottonseed hulls, corn cob, soybean hulls, almond shells and hulls, pecan shells and walnut shells) obtained by same procedure are in the range of 0.31–1.44 mmol/g. In some other similar studies, copper sorption capacities of citric acid modified barley straw [18] and soybean straw [19] have been reported as 0.50 and 0.45 mmol/g, respectively. It is obvious that the copper sorption capacity of the MPC (0.89 mmol/g) is higher than those of citric acid modified peanut shells, walnut shells, almond shells, pecan shell, rice hulls, barley straw and soybean straw. Besides the significant sorption capacity, MPC can be considered as to be an advantageous material having low swelling and water retention capacities for using in a continuous column system as an ion exchanger.




Table 1.The characteristics of RPC and MPC.
	
	RPC
	MPC

	Bulk density, g/mL
	0.29
	0.39

	pH (% 1 solution)
	6.70
	3.43

	Mater soluble in H2O, %
	3.24
	2.90

	Mater soluble in HCl, %
	5.46
	4.71

	Ash content, %
	1.46
	0.57

	Mechanical moisture content, %
	4.16
	3.57

	Water retention capacity, g/g
	2.37
	1.15

	Swelling capacity, mL/g
	1.72
	0.78

	Copper sorption capacity, mmol/g
	0.25
	0.89


Table options
The FTIR analysis results of RPC and MPC are shown in Fig. 6. The existence of the characteristic peaks in the fingerprint region of 1000–1200 cm−1 indicates to cellulosic structure. The little peak observed at 1270 cm−1 for RPC may be attributed to the presence of a functional group of an extractable compound which is removed during sodium hydroxide saponification and citric acid modification. The peak at 1389 cm−1probably corresponds to bending of C–H bond. The absorption band at 1517 cm−1 is characteristic of phenyl ring skeletal vibrations of lignin [29]. Bands around 1629 and 1736 cm−1 present in both samples are indicative of free and esterified carboxyl groups, respectively. As seen from the figure, a visible increase in the amount of esterified carboxyl groups by citric acid modification may be confirmed by comparing the intensities of characteristic ester peak at 1736 cm−1. The single peak around 2366 cm−1 present in both samples may be attributed to the presence of nitriles. The evident peak at 2934 cm−1 shows the presence of C–H bond stretching in both materials. The broad absorption peaks around 3413 cm−1 indicate the existence of hydroxyl groups.
[image: FTIR spectra of RPC and MPC.]
Fig. 6.FTIR spectra of RPC and MPC.


3.3. Results of continuous hardness removal study
Continuous hardness removal experiments were made by using the system in Fig. 1. Tap water was analyzed for hardness values and filled into the water reservoir. Then, it was pumped to the column at a constant flow rate of 3.33 mL/min. Each 100 mL of outlet water was taken from the column and analyzed for all hardness species. This procedure was continued up to outlet water total hardness value when equal to inlet value. The hardness analysis results obtained depending on bed volume numbers are given in Fig. 7. As seen from the figure, total hardness values are below the 50 mg CaCO3/L for the passing water amount up to 50 times of the bed volume. After this point, hardness values of outlet water increase by increasing the bed volume number and attain to the inlet value at 120 bed volumes approximately. At this point, it can be said that the ion exchange bed is saturated with Ca2+ and Mg2+ cationic species about to consume all its exchange capacity.
[image: Results of continuous hardness removal study (Size fraction: –16 + 30 mesh; ...]
Fig. 7.Results of continuous hardness removal study (Size fraction: –16 + 30 mesh; Total hardness: 299.6 mg CaCO3/L; Ca hardness: 180 mg CaCO3/L; Mg hardness: 119.6 mg CaCO3/L; Feed rate: 3.33 mL/min; Bed volume: 50 mL).

Fig. 8 shows the total hardness removal efficiencies depending on bed volume number together with the breakthrough curve for continuous system. As seen from the figure, total hardness removal efficiencies are about 90% for 50 bed volumes at first and it is decreasing with increasing the bed volume number. An ion exchange capacity can be calculated by considering this high removal area. It can be said that 50 m3 of water are softened per m3 of MPC bed. Also, hardness removal capacity of the MPC can be calculated as 70.4 mg CaCO3/g or 1.41 meq/g for this high removal period.
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Fig. 8.Total hardness removal efficiencies depending on bed volume numbers and breakthrough curve for continuous system (Size fraction: –16 + 30 mesh; total hardness: 299.6 mg CaCO3/L; Ca hardness: 180 mg CaCO3/L; Mg hardness: 119.6 mg CaCO3/L; Feed rate: 3.33 mL/min; Bed volume: 50 mL).
3.4. Results of regeneration study
The reusability of an ion exchange resin is an important factor in terms of economy. For that reason, some experiments were made to show the reusability of the MPC for water softening by using simple HCl regeneration followed by sorption period. The results of regeneration study are shown in Fig 9. As shown in the figure, hardness removing efficiency decreased slightly after the first sorption-regeneration period. It can be said that the total hardness removal efficiencies practically not changed by increasing the sorption-regeneration cycle number. On the other hand, it was observed that the individual sorption and desorption efficiencies of Ca and Mg exhibit a selectivity. After the third cycle, sorption and desorption efficiencies for Mg were lower than those of Ca. It can be said that the Mg sorption and desorption efficiencies exhibit a fluctuation trend.

Fig. 9.Results of regeneration study (Material: –16 + 30 mesh MPC; Sorption stage: Initial pH: 7.2–7.4; Final pH: 5.9–6.4; Total hardness: 354.9 mg CaCO3/L; Ca hardness: 208 mg CaCO3/L; Mg hardness: 146.9 mg CaCO3/L; Feed rate: 3.33 mL/min; Total hard water amount: 50 Bed volume; Regeneration stage: Feed rate: 3.33 mL/min; 0.1 M HCl amount: 4 Bed volume; Washing water amount: 4 Bed volume softened water; Regeneration residue pH: 1.6–1.8).

It is obvious that the MPC is an ion exchange resin having high reusability properties. At this point, requiring of an acid regeneration for reuse of MPC can be evaluated as an environmental disadvantage due to producing an acidic residue. This residue contains about 460 mg/L Ca2+ and 200 mg/L Mg2+ and can be evaluated as a source for CaCl2and MgCl2 recovery. Measurements showed that the pH values of this acidic residue are generally between 1.6 and 1.8. When the 50 m3 softened water (containing about 40–50 mg CaCO3/l of total hardness) per m3 of MPC bed are obtained, 8 m3 of softened water are used for regeneration of MPC (4 m3 for HCl solution preparation and 4 m3 for washing). It can be noted that the net produced soft water amount per m3 of MPC bed is 42 m3 and acidic residue obtained per cycle is 8 m3. This acidic residue (pH 1.6–1.8) must not be disposed without any neutralizing treatment.
4. Conclusion
Although raw pine cone (RPC) does not have a significant cation exchange capacity, this introductory study shows that it can be converted to a cation exchange material (MPC) by cross-linking the polysaccharide chains with citric acid. The resin obtained can be used effectively for removing hardness ions from water. The MPC is much more stable than the RPC against aqueous medium. It can be said that the MPC is a safely usable material in a continuous column system without any clogging according to some physicochemical properties such as swelling and water retention capacity. Also, the MPC can be used repeatedly by making a simple acid regeneration. Diluted HCl solution can be used for regeneration by removing of Ca and Mg ions on the active surface sites of the resin. In this case, a portion of the softened water can be employed for HCl solution preparation and for removing of free acid by rinsing.
As a final conclusion, it can be said that an effective cation exchanger can be obtained from pine cone by using a cross-linking treatment with citric acid. For drinking water softening systems, this product can be considered as an alternative safe material against the synthetic polymer based ion exchangers due to obtaining from a biopolymer based natural source. Also, this product can be used to remove other metallic species (e.g. heavy metals) from the waters. In this context, it can be said that some studies are needed on heavy metal removal and recovery of valuable metals from regeneration solutions.
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