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[bookmark: OLE_LINK192][bookmark: OLE_LINK309][bookmark: OLE_LINK310][bookmark: OLE_LINK358][bookmark: OLE_LINK368][bookmark: OLE_LINK372][bookmark: OLE_LINK373][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK19][bookmark: OLE_LINK27][bookmark: OLE_LINK316][bookmark: OLE_LINK319][bookmark: OLE_LINK102][bookmark: OLE_LINK301][bookmark: OLE_LINK24][bookmark: OLE_LINK312][bookmark: OLE_LINK317][bookmark: OLE_LINK57][bookmark: OLE_LINK197][bookmark: OLE_LINK208][bookmark: OLE_LINK255][bookmark: OLE_LINK244][bookmark: OLE_LINK252][bookmark: OLE_LINK218][bookmark: OLE_LINK243][bookmark: OLE_LINK35][bookmark: OLE_LINK54]ABSTRACT: Mollusk shells, such as clam, mussel, oyster and pearl oyster shells, are potential candidates for commercial calcium carbonate-based fillers. In this work, the surface properties of colored pearl-oyster-shell-derived filler (CMF) were investigated with comparison to those of pearl oyster shell powder (MSP), using inverse gas chromatography (IGC) method and contact angle measurement. A developed computational model for the interpretation of surface free energy heterogeneity distributions was applied to both samples as well. The contact angle measurement revealed the amphiphilic nature for them. The dispersion component of surface free energy for both samples calculated using the Owens–Wendt–Kaelble (OWK), van Oss–Chaudhury–Good (vOCG) and Wu methods were consistent with those determined using the IGC method. The deconvolution of surface energetic sites confirmed the energetic heterogeneity for them. The CMF displayed lower work of cohesion, which could be beneficial to the fabrication of polymer composites, as typically reduced filler particle-particle interactions.
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CMF and MSP   Colored pearl-oyster-shell-derived filler and pearl oyster shell powder
IGC      Inverse gas chromatography
OWK    Owens-Wendt-Kaelble
vOCG    van Oss-Chaudhury-Good
DR 28    Direct Red 28 dye
IGC-SEA     IGC Surface Energy Analyzer

     Dispersion component of surface free energy (mJ/m2)

     Polar component of surface free energy (mJ/m2)

     Total surface free energy (mJ/m2)


,    Lewis acid and base component of surface free energy (mJ/m2)    
ΔGp      Polar Gibbs free energies of adsorption (kJ/mol)


,    Lifshitz-van der Waals and Lewis acid-base component of surface free energy (mJ/m2)
BET      Brunner-Emmet-Teller
[bookmark: OLE_LINK107][bookmark: OLE_LINK108]n/nm      Ratio of the amount of adsorbed gas to the BET monolayer adsorbed capacity 
[bookmark: OLE_LINK34][bookmark: OLE_LINK48][bookmark: OLE_LINK46][bookmark: OLE_LINK101][bookmark: OLE_LINK1][bookmark: OLE_LINK6][bookmark: OLE_LINK32]1. Introduction
[bookmark: OLE_LINK351][bookmark: OLE_LINK40][bookmark: OLE_LINK42][bookmark: OLE_LINK26][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK270][bookmark: OLE_LINK241][bookmark: OLE_LINK250][bookmark: OLE_LINK216][bookmark: OLE_LINK227][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK14][bookmark: OLE_LINK21][bookmark: OLE_LINK149][bookmark: OLE_LINK152][bookmark: OLE_LINK23][bookmark: OLE_LINK30][bookmark: OLE_LINK248][bookmark: OLE_LINK341][bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK342][bookmark: OLE_LINK345][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK225][bookmark: OLE_LINK226][bookmark: OLE_LINK242][bookmark: OLE_LINK247][bookmark: OLE_LINK508][bookmark: OLE_LINK162][bookmark: OLE_LINK38][bookmark: OLE_LINK37][bookmark: OLE_LINK81][bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK193][bookmark: OLE_LINK394][bookmark: OLE_LINK67][bookmark: OLE_LINK90][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK99][bookmark: OLE_LINK214][bookmark: OLE_LINK36][bookmark: OLE_LINK43][bookmark: OLE_LINK165][bookmark: OLE_LINK395][bookmark: OLE_LINK396][bookmark: OLE_LINK529][bookmark: OLE_LINK530][bookmark: OLE_LINK175][bookmark: OLE_LINK202][bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK135][bookmark: OLE_LINK141][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK402][bookmark: OLE_LINK418][bookmark: OLE_LINK419][bookmark: OLE_LINK420][bookmark: OLE_LINK421][bookmark: OLE_LINK3][bookmark: OLE_LINK11][bookmark: OLE_LINK174][bookmark: OLE_LINK199][bookmark: OLE_LINK509][bookmark: OLE_LINK361][bookmark: OLE_LINK366][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK362][bookmark: OLE_LINK363][bookmark: OLE_LINK228][bookmark: OLE_LINK234]Mollusk shell materials (e.g. clam, mussel, oyster and pearl oyster shells), with their predominating CaCO3 content plus a small amount of organic matrices, such as proteins, polysaccharides and glycoproteins[1-3], are potential candidates for commercial CaCO3-based fillers. However, the reinforcement ability of mollusk shell filler is influenced by its surface free energy, particle size, surface area, and surface functional groups[4,5]. Among these properties, surface free energy affects the reinforcement ability the most, and therefore, an improved understanding of a filler’s surface properties is significant for determining the most effective polymer reinforcement fillers. Contact angle measurement is one of the most commonly used techniques for solids surface characterization. However, it involves complex and time-consuming experiments. As an alternative, IGC has proven to be a reliable technique, offering advantages of independence from sample morphology and accurate measurement over a wide range of temperatures. To the best of our knowledge, the surface properties of mollusk shell materials are poorly reported and understood. Therefore, in this work, CMF was prepared and its surface properties were comparatively studied by IGC and contact angle measurement.
2. Experimental
2.1 Materials
[bookmark: OLE_LINK415][bookmark: OLE_LINK417][bookmark: OLE_LINK434][bookmark: OLE_LINK33][bookmark: OLE_LINK512][bookmark: OLE_LINK458][bookmark: OLE_LINK459][bookmark: OLE_LINK327][bookmark: OLE_LINK328][bookmark: OLE_LINK436][bookmark: OLE_LINK437][bookmark: OLE_LINK16][bookmark: OLE_LINK18][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK323][bookmark: OLE_LINK324][bookmark: OLE_LINK120][bookmark: OLE_LINK124][bookmark: OLE_LINK128][bookmark: OLE_LINK130][bookmark: OLE_LINK510][bookmark: OLE_LINK511][bookmark: OLE_LINK140][bookmark: OLE_LINK271][bookmark: OLE_LINK302][bookmark: OLE_LINK303][bookmark: OLE_LINK313]The pearl oyster shell was supplied by a pearl-processing factory in Zhuji city, China. It was first washed to remove the attached impurities, and then calcined at 350 °C to remove the stratum corneum. The dried powder was subjected to fine grinding to obtain the MSP. Direct Red 28 dye (DR 28) was provided by Yiwu Yu Fang Pigment Co., Ltd., China. The polar and nonpolar probes (HPLC purity, 99.0%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
2.2 CMF preparation
[bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK7][bookmark: OLE_LINK5]The MSP was mixed with DR 28 and water at a weight ratio of 200:1:300. The mixture was placed in a container with high-speed blender and vigorously stirred (700 r/min) for 0.5 h and left standing for 24 h. Then the mixture was filtered under aspirator vacuum using a Buchner funnel, washed several times with water and finally with alcohol, and the filter cake was dried at dried overnight at 80 °C. The dried cake was ground to obtain CMF. Photographs of the MSP and CMF powders are displayed in Fig. 1.
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Fig. 1. Photographs of the CMF and MSP powders
2.3 Characterization and tests



[bookmark: OLE_LINK131][bookmark: OLE_LINK134][bookmark: OLE_LINK359][bookmark: OLE_LINK39][bookmark: OLE_LINK41][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK320][bookmark: OLE_LINK85][bookmark: OLE_LINK88][bookmark: OLE_LINK62][bookmark: OLE_LINK70][bookmark: OLE_LINK76][bookmark: OLE_LINK314][bookmark: OLE_LINK304][bookmark: OLE_LINK69][bookmark: OLE_LINK61][bookmark: OLE_LINK71][bookmark: OLE_LINK75][bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK329][bookmark: OLE_LINK333][bookmark: OLE_LINK325][bookmark: OLE_LINK79][bookmark: OLE_LINK83][bookmark: OLE_LINK136][bookmark: OLE_LINK137][bookmark: OLE_LINK113][bookmark: OLE_LINK89][bookmark: OLE_LINK91][bookmark: OLE_LINK103][bookmark: OLE_LINK106][bookmark: OLE_LINK171][bookmark: OLE_LINK172][bookmark: OLE_LINK331][bookmark: OLE_LINK332]The basic theories of IGC method[6] and contact angle method[7] has been presented in literatures. In this work, the ethylene glycol and diiodomethane were used as two test liquids for the surface free energy determination by the OWK method[8,9]. Distilled water, ethylene glycol and diiodomethane were applied for the vOCG method[10]. As in the OWK method, ethylene glycol and diiodomethane were used as test liquids for Wu's method[11]. The contact angles measurement of CMF and MSP were carried out using the capillary rise method according to the Washburn equation[12,13]. The measurements were accomplished under controlled conditions (temperature 20 °C, humidity 60%) using a K100 tensiometer (Krüss GmbH, Germany) by packing solids (~3 g) into a Krüss powder sample holder. After packing for 3 min, the holder was placed onto the electronic balance of the tensiometer. The weight gain of the sample holder after contact with test liquids was recorded. The measurement settings were as follows: immersion depth 2 mm, surface detection speed of 6 mm/min, and detection sensitivity of 0.005 g. The measurement was repeated five times for each contact angle tested. The surface free energy and its components for test liquids (distilled water, ethylene glycol and diiodomethane) are listed in Table 1. The surface free energy characterization was carried out using an IGC Surface Energy Analyzer (IGC-SEA, Surface Measurement Systems, Alperton, UK). For all the experiments, approximately 300 mg of powders were packed into individual dimethyldichlorosilane-treated glass columns. The samples were run at surface coverages (n/nm, i.e., ratio of the amount of adsorbed gas to the Brunner-Emmet-Teller (BET) monolayer adsorbed capacity)[14] of 0.02-0.16% with polar (Decane, Nonane, Octane) and nonpolar (Dichloromethane, Toluene, Acetonitrile, Acetone) molecular probes to determine the  and  as well as the . The sample column was preconditioned for 1 h at 343.15 K and 0% RH with 10 ml/min helium carrier gas, under the same conditions as in the experiment. The retention times were determined with a flame ionization detector and methane gas was used as a noninteracting molecule to determine the dead volume.
Table 1. Surface free energy and its components for the probe liquids 
	Surface free energy parameters (mJ/m2)
	Water[15,16]
	Ethylene glycol[17,18]
	Diiodomethane[15,16]

	

	72.8
	[bookmark: OLE_LINK58][bookmark: OLE_LINK59]48.0
	50.8

	

	21.8
	29.0
	50.8

	

	51.0
	19.0
	0

	

	25.5
	1.92
	0

	

	25.5
	47
	0


3. Results and discussion
3.1 IGC method




















[bookmark: OLE_LINK15][bookmark: OLE_LINK235][bookmark: OLE_LINK236][bookmark: OLE_LINK485][bookmark: OLE_LINK95][bookmark: OLE_LINK94][bookmark: OLE_LINK249][bookmark: OLE_LINK229][bookmark: OLE_LINK159][bookmark: OLE_LINK158][bookmark: OLE_LINK443][bookmark: OLE_LINK435][bookmark: OLE_LINK139][bookmark: OLE_LINK138][bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK60][bookmark: OLE_LINK72][bookmark: OLE_LINK246][bookmark: OLE_LINK245][bookmark: OLE_LINK409][bookmark: OLE_LINK545][bookmark: OLE_LINK546][bookmark: OLE_LINK549][bookmark: OLE_LINK550][bookmark: OLE_LINK539][bookmark: OLE_LINK540][bookmark: OLE_LINK541][bookmark: OLE_LINK542][bookmark: OLE_LINK144][bookmark: OLE_LINK147][bookmark: OLE_LINK335][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK105][bookmark: OLE_LINK104][bookmark: OLE_LINK350][bookmark: OLE_LINK339]The surface free energy profiles for CMF and MSP are displayed in Fig. 2. From Fig. 2a, it can be observed that the dispersion component () of surface free energy for both samples contributed a major part of total surface free energy (). It was displayed a decreasing trend with increasing surface coverage and the highest-energetic sites occupying approximately 2% of the fillers. The difference in the measured  values at low and high coverages indicated the heterogeneity among surface energy sites. For CMF, the calculated  fell into the range of 40.8-49.9 mJ/m2 as compared with that of 48.0-59.3 mJ/m2 for MSP. It is worth noting that the  depends on the surface composition of the solid and the test temperature[34-36]. Schmitt et al. [37] reported that the modification of precipitated CaCO3 with chemicals such as hydroxyacids or silanes could decrease the . The work of Papirer et al.[38] revealed a drastic decrease in surface energy for CaCO3 coated with stearic acid. Jeong et al.[39] also reported a lower  value for stearic acid treated CaCO3. In this work, a decrement of  for CBF was also observed, which might be ascribed to its more uniform surface after loading with DR 28. As for the polar component of surface free energy (), it contributed lower than , implying a lower polarity for both samples. The acid () and basic () components of the polar surface energy are included in Fig. 2b. It can be seen that, the  was a bit larger than the .  is assumed to be the sum of  and , so that the lower  and  components for CMF added up to a lower  value. 

[image: ][image: ]
Fig. 2. Surface free energy profiles for CMF and MSP powders
[bookmark: OLE_LINK198][bookmark: OLE_LINK203]Figure 2 shows the surface free energy profiles measured by IGC for CMF and MSP. This surface free energy profile was then analyzed using the model developed by Smith et al.[19] and Jefferson et al.[20] to provide an array of energies for the materials surface. The deconvoluted surface free energy is shown in Fig. 3. The energy values for CMF found by the computational method of 35 mJ/m2, 47 mJ/m2 and 130 mJ/m2 (Fig. 3a), and similarly the energy values found computationally for MSP were 25 mJ/m2, 43 mJ/m2 and 105 mJ/m2 (Fig. 3b). As expected, all energetically heterogeneous samples had variations of surface sites. 
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Fig. 3. Dispersion surface energy site distribution for CMF and MSP powders



[bookmark: OLE_LINK378][bookmark: OLE_LINK264]The polar Gibbs free energies of adsorption () profiles as a result of interactions with four polar probes (Toluene, Acetone, Acetonitrile and Dichloromethane) for CMF and MSP are displayed in Fig. 4. The  changed as a function of surface coverages, further confirming the heterogeneous nature of both samples. In Fig. 4, similar curves were generated for CMF and MSP, although the MSP showed higher specific surface energies. The decreasing rank order for  interactions was: acetonitrile > acetone > dichloromethane > toluene. Both samples showed a strong degree of interaction with all the polar probes, but predominantly with acetonitrile, and to a lesser extent with toluene. It is worth noting that the CMF possessed relatively lower specific surface energies, further confirming a more hydrophobic nature.
[bookmark: OLE_LINK253][bookmark: OLE_LINK254][image: C:\Users\yzt\Desktop\Graph1.tif]
Fig. 4. Polar Gibbs free energy profiles of four different polar probes for CMF and MSP powders
3.2 Contact angle methods
[bookmark: OLE_LINK68][bookmark: OLE_LINK80][bookmark: OLE_LINK117][bookmark: OLE_LINK123]The contact angles of CMF and MSP for test liquids are shown in Table 2. It can be seen that the contact angles of both samples for the three liquids were all less than 90°, indicating an amphiphilic nature for them. This was consistent with the results in our previous study, where raw, acid-modified and furfural-modified clam shell showed water contact angles of 34°, 46° and 36°, respectively. By contrast, the alcohol spread out over the surface of samples[21]. The amphipathicity of mollusk shell material may be attributed to its constituent of organic matrices in the shell. This character is distinct from CaCO3. Jeong et al.[22] examined the surface properties of CaCO3 and reported that the surface of unmodified CaCO3 was generally hydrophilic, but became hydrophobic when coated with stearic acid. Zhao et al.[23] modified CaCO3 by sodium stearate and oleic acid and revealed that the water contact angles changed from 0 to 105° and 120°, respectively. In this work, there was no distinction of contact angles between CMF and MSP, but comparing the contact angles it can be found that the values for water were relatively larger than those for ethylene glycol and diiodomethane, confirming the moderate hydrophobic character of both samples.
Insert Table 2.
3.3 Surface free energy comparison












[bookmark: OLE_LINK29][bookmark: OLE_LINK31][bookmark: OLE_LINK597][bookmark: OLE_LINK160][bookmark: OLE_LINK188][bookmark: OLE_LINK598][bookmark: OLE_LINK599][bookmark: OLE_LINK600][bookmark: OLE_LINK601][bookmark: OLE_LINK602][bookmark: OLE_LINK603][bookmark: OLE_LINK142][bookmark: OLE_LINK143]The surface free energy calculated for both samples by IGC and contact angle measurement is detailed in Table 2. It can be observed that the  calculated by the three contact angle methods were consistent with those determined by IGC. As for the  component, it fell into the range 12.0 mJ/m2-16.7 mJ/m2 for CMF and 17.3 mJ/m2-23.1 mJ/m2 for MSP, when determined by IGC. However, the  calculated by the three contact angle methods were distinct, and also less than those determined by the IGC method. A difference in  between the IGC and contact angle method was also reported[24]. It is generally known that since the infinite IGC operates at zero surface coverage of probe molecules, it predominantly detects high-energy sites[25]. Thus, the  obtained by IGC will often be higher than those obtained by the contact angle method, as the latter detects surface sites of all energy levels and thus determines an average energy level for the solid surface[26]. Regarding the components of , the acid  component was determined as 4.8 mJ/m2-9.1 mJ/m2 for CMF and 5.8 mJ/m2-12.1 mJ/m2 for MSP using IGC. As a comparison, the basic  was larger for both samples and fell into the range of 7.5 mJ/m2-8.0 mJ/m2 for CMF and 9.5 mJ/m2-12.9 mJ/m2 for MSP. The vOCG analysis of contact angle data also implied that the  values were larger than , meaning that both samples were almost monopolarly basic[27]. The  values determined by IGC were in the range of 52.8 mJ/m2-66.6 mJ/m2 for CMF and 65.3 mJ/m2-82.4 mJ/m2 for MSP. The values determined by OWK, vOCG and Wu methods were consistent: 43.6 mJ/m2, 40.8 mJ/m2 and 45.9 mJ/m2 for CMF, 44.0 mJ/m2, 41.4 mJ/m2, and 46.5 mJ/m2 for MSP, although lower than those determined by IGC. The work of cohesion equals 2[15,16], therefore, the CMF showed lower work of cohesion as compared with MSP, which could reduce the filler particle-particle interactions, allowing a better dispersion in a polymer matrix.
4. Conclusion

[bookmark: OLE_LINK93]The [image: ] component of the surface free energies for CMF and MSP obtained using the OWK, vOCG and Wu methods were consistent with that determined using the IGC method. The new methodology for deconvolution of surface energetic sites confirmed that energetically heterogeneous CMF and MSP had variations of surface sites. As a comparsion, the  values calculated by the three contact angle methods were distinct, and also lower than those calculated using IGC. The lower [image: ] value for CMF could reduce the filler particle-particle interactions, allowing its better dispersion in a polymer matrix. The absence of toxic metals coupled with suitable mechanical performance makes the CMF an ideal candidate as a filler for the masterbatch industry.
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Table 2. Surface free energy and its components for two samples obtained by contact angle measurement (n=5)
	
Samples
	Contact angles (°) ±SDn-1
	Surface free energy parameters (mJ/m2)

	
	
	OWK
	vOCG
	Wu
	IGC

	
	Water
	[bookmark: OLE_LINK111][bookmark: OLE_LINK112]Ethylene glycol
	Diiodomethane
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	


	CMF
	49±2.7
	38±2.2
	41±2.3
	43.6
	39.1
	4.5
	40.8
	39.1
	1.7
	0.02
	36.3
	45.9
	39.7
	6.2
	52.8-66.6
	40.8-49.9
	12.0-16.7
	4.8-9.1
	7.5-8.0

	MSP
	54±3.0
	40±2.3
	38±2.2
	44.0
	40.6
	3.4
	41.4
	40.6
	0.8
	0.005
	30.1
	46.5
	41.1
	5.4
	65.3-82.4
	48.0-59.3
	17.3-23.1
	5.8-12.1
	9.5-12.9
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