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Abstract

Potassium fertilizer plays a critical role in increasing the food production. Carnallite is
concentrated by reverse froth flotation and used as a raw material to produce potassium fertilizer
(KCl) in agriculture. However, all the surfactants used in the carnallite reverse flotation process
are conventional monomeric surfactants contain a single similar hydrophobic group in the
molecule, which results in a low production efficiency. In this work, a new morpholine-based
Gemini surfactant, 1,4-bis (morpholinododecylammonio) butane dibromide (BMBD) was
prepared, and originally recommended as a collector for reverse froth flotation separation of halite
(NaCl) from carnallite ore. The flotation results indicated BMBD had higher flotation recovery
and stronger affinity of halite against carnallite, compared with conventional monomeric
surfactant N-(n-Dodecyl) morpholine (DDM). FTIR spectra suggested that BMBD molecules
were adsorbed on halite surface rather than the carnallite surface. Additionally, BMBD molecules
can strongly reduce the surface tension of NaCl saturated solution. Considering the BMBD’s
unique properties, such as double reactive centers to mineral surfaces, double hydrophobic groups,
and stronger surface tension reducing ability, made it be a superior collector for reverse flotation
desalination from carnallite ores than DDM.

Key words: Potassium fertilizer; Morpholine-based Gemini surfactant; Reverse flotation; Halite;

Carnallite ore
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INTRODUCTION

As food and agriculture are essential to the development of human civilization, modern
technology and innovation have been used to address the challenge of the increasing food
demand’. In modern agriculture, potassium fertilizer is one of the major nutrient to boost the
growth of agricultural plants? 3. Carnallite is used as a raw material to produce potassium fertilizer
by cold decomposition, with formation of MgCl, in solution and KCl as a solid phase*®. Reverse
froth flotation is widely used in mining industry to produce upgraded carnallite concentrate with
low NaCl level”. Various surfactants are assessed as flotation collectors to float out halite from
carnallite ores by reverse froth flotation. In the early stages, fatty acids (R—-COOH) have been used
for flotation desalination’?. Later on, N-alkylamides (R-CONH,) have been proved to be the
effective collectors in the reverse flotation of carnallite ores’/. Recently, N-alkylmorpholines
(R-N(CH,CH,);0) were used as flotation collectors in industry and possessed significant
collecting power for halite and selectivity against carnallite’>/3. Unfortunately, all the surfactants
used in the carnallite reverse flotation process are conventional monomeric surfactants contain a
single similar hydrophobic group in the molecule, which results in a low production efficiency.

Gemini molecules are a new type of surfactants that consist of two traditional monomeric
amphiphiles that are covalently connected by a spacer unit/4/3. In contrast to conventional
monomeric surfactants, Gemini molecules possess superior properties, such as lower critical
micelle concentration, lower Krafft point, higher solubilization power, higher surface activity,
improved wetting and foaming properties’é!”. Therefore, Gemini surfactants are widely applied in
different fields such as phase transfer catalysts, drug entrapment/release, body care products,
biomedical processes including gene transfection, preparation of high-porosity materials, synthesis
of nanomaterials, food industry, oil recovery, polymerizations, antibacterial and antifungal
preparations, etc/8-20,

As far as we know, however, Gemini surfactant has not been used as a collector reagent in
carnallite flotation desalination process. There is interest in determining whether the Gemini
would be more efficient and/or effective in the reverse froth flotation of carnallite ores than
conventional monomeric surfactant which contains a single similar hydrophobic group in the

molecule. Its unusual amphiphilic properties and the tailored structure, makes it attractive for
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beneficiation purposes.

In this paper, a novel morpholine-based Gemini  surfactant, 1,4-bis
(morpholinododecylammonio) butane dibromide (BMBD) was prepared and tested by FTIR, 'H
and BC NMR spectra, and its flotation behaviors to carnallite ore were assessed via
micro-flotation and bench-scale flotation experiments. Afterwards, the adsorption mechanism of
Gemini collector BMBD to halite and carnallite, and air/NaCl saturated solution interface was

evaluated through FTIR and surface tension measurement.

MATERIALS AND METHODS

Materials

Pure halite and carnallite minerals were recieved from Taian and Geermu, respectively.
Chemical compositions of the two minerals were shown in Table 1. The crystallinity of these
minerals tested by powder XRD was shown in Figure 1. The grinded minerals within a size range
of 150-270 um were chosen for micro-flotation tests. The fine minerals (< 5 pum) were used for
FTIR tests. Saturated halite or carnallite solutions for micro-flotation tests and surface tension
measurements were separately obtained by dissolving individual halite or carnallite mineral into
DI water. Then the obtained saturated solutions were passed through filters to remove mineral
residues.

The carnallite ore for bench-scale flotation tests were acquired from Qinghai Salt Lake
Industry Group Company in China. The samples were mainly composed of 77.95% carnallite,
21.01% halite, 0.91% gypsum and 0.13% sylvite by the results of mineralogy analysis. The bench
tests were conducted in saturated carnallite solutions at a temperature of 20 °C. Chemical
composition of carnallite ore and saturated carnallite solutions were shown in Table 2.

Morpholine-based Gemini surfactant 1,4-bis(morpholinododecylammonio) butane dibromide
(BMBD), as a collector, was synthesized by our team. Both the solvent and reagents applied in
synthesis process were of analytical grade. They were used as received without further
purification. To verify the chemical structure of BMBD, carbon-13 and hydrogen-1 NMR spectra
were collected by Bruker Avance 400 spectrometer (Switzerland) in CDCIl; solvent with
tetramethylsilane. Fourier-transform infrared spectroscopy (FTIR, Nicolet iS50) was also used to

disclose BMBD structure.
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Micro-flotation experiments

Micro-flotation experiments were conducted by a 50 mL of flotation equipment (XFG2) at
1500 rpm impeller speed. For each flotation experiment, 3 g of pure mineral particles was put into
30 mL saturated solution in flotation equipment. The slurry was mixed for 4 min in presence of
the desired collector. After 7 min of flotation, both the froth products and tailings were separated,
filtrated, dried under vacuum condition and finally measured by mass. In each test, the flotation
recovery was measured, according to the mass ratio of different solid fractions.

Bench—scale froth flotation

Bench-scale tests were conducted in a 1.5 dm? of XFDC cell at 1500 rpm impeller speed.
500g carnallite ores were added into 1 L saturated carnallite solutions in the cell. Then, the
prepared slurry was mixed with a certain amount of BMBD collector for 6 min. After that, a
quantitative amount of air was pumped into the centre of the cell and mixed thoroughly with the
pulp for 8 min, leading to the exposure of slurry to froth. Finally, halite-laden bubbles floated out
to the top of cell and separated from carnallite mineral. After collecting dry carnallite concentrates
and tails separately, the mass of them were measured by the assay for KCl and NaCl, from which
the metal recoveries were acquired. Replication were tested three times under each conditions,
mean values of which were measured. The flotation flowsheet was shown in Figure 2.

FTIR spectra measurement

Fine mineral (<5 um, 2g) solid was soaked in 30 mL of saturated halite or carnallite solutions
with or without 3x10-¢ mol/L BMBD at natural pH and 20 °C for 6 h. Then, the residue from the
mixed solution was filtrated and dried under vacuum condition. 1mg of dried sample and 150 mg
of KBr powder were mixed and pressed into a tablet for FTIR test (700-4000 cm™!) using Nicolet
iS50 equipment.

Surface tension measurement

The surface tensions of saturated halite solutions in presence of BMBD or DDM were tested
by the Du Noiiy ring equipment at 20 °C. Before each test, the platinum Du Noiiy ring was treated
through a standard cleaning procedure to remove the impurities. In every test, 30 ml of saturated

solution was mixed by a certain amount of BMBD or DDM.
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RESULTS AND DISCUSSION

Synthesis of morpholine-based Gemini surfactant BMBD

The synthesis of morpholine-based Gemini surfactant BMBD was described in Figure 3.
1-Bromododecane (1; 49.85 g, 0.2 mol) was placed in a 250 mL three neck flask with NaOH (12
g, 0.3 mol) and heated to 130 °C. Over 20 minutes, morpholine (2; 20.91 g, 0.24 mol) in 25 mL of
H,0O was added in dropwise. The mixture was heated for 6 hours further, then cooled to room
temperature over 30 minutes, causing 2 layers to form. The top layer of reaction mixture was
collected, dried by anhydrous CaCl,, and filtrated to generate the colorless oil of N-(n-Dodecyl)
morpholine (3; 48.53 g, 0.19 mol), the yield of which was 95%. The resulting compound
N-(n-Dodecyl) morpholine (3; 30.65 g, 0.12 mol) and 1,4-dibromobutane (4; 10.8 g, 0.05 mol)
were placed in a 250 mL round bottom flask containing ethanol (50 mL), and the mixture was
agitated for three days at the reflux temperature of 90 °C. After removing the ethanol by rotary
evaporation, the crude product acquired was subsequently washed three times with 150 mL of
ethyl acetate, and then purified by recrystallization from ethyl acetate/ethanol (10/1 v/v ) at least
three times. The precipitates after removal of ethanol and ethyl acetate through vacuum filtration
were dried in vacuum drying oven for 24 h, which gave pure corresponding morpholine-based
Gemini surfactant  1,4-bis (morpholinododecylammonio) butane dibromide (5, 27.66 g, 0.038
mol).

1,4-Bis (morpholinododecylammonio) butane dibromide (5, BMBD), a white powder, yield
76.19%. 400 MHz 'H NMR (CDCl;, TMS): § 0.87 (t, 6H), 1.16~1.45 (m, 40H), 1.93 (m, 8H), 2.98
(m, 4H), 3.47 (m, 4H), 3.97 (m, 8H), 4.37 (m, 4H). 100 MHz '3C NMR (CDCls): & 13.98, 22.50,
23.13, 26.56, 28.90, 29.41, 31.71, 51.61, 57.65, 63.34. IR (KBr): 2923, 2853, 1468, 1112, 1066
cm™!.

Micro-flotation of pure minerals

As shown in Fig. 4(a), the relationship between halite recovery and the concentration of
BMBD or DDM collectors suggested that halite recoveries grew fast with the increase of collector
concentrations, reaching the high recoveries (>99%) at 1x10~ mol/L of BMBD and 1x10* mol/L
of DDM, respectively. The result clearly illustrated that BMBD was more potent collector for
halite than DDM, since the BMBD concentration required for high halite recovery was one order

of magnitude less than that of DDM concentration at neutral pH.
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Fig. 4(b) presented the effect of collector concentration on the carnallite recovery, indicating
that both BMBD and DDM had extremely low affinity for carnallite mineral surface due to the
low carnallite recoveries (<6%) in the whole range concentration of collectors. In particular, the
optimum concentration of BMBD collector was 1x10-3 mol/L owing to the high halite recovery

(98%) and low carnallite recovery (<4%).
Bench froth test of carnallite ore

The flotation flowsheet of bench tests was shown in Figure 2. The test conditions and results
in Table 3 indicated that the carnallite concentrates containing 22.44 % KCI and 2.45 % NaCl
was produced via adding 40 g/t BMBD collector at pH of 6.83, and the KCI recovery was
98.17%. This indicated Gemini surfactant had powerfully collecting power for halite and
excellent selectivity against carnallite at natural pH. While for 120 g/t DDM, the grade of its
carnallite concentrates were 22.07 % KCI and 4.04 % NaCl, and the flotation recovery of KCl
was 93.93 %. Therefore, achieving the comparative flotation performance (KCI recovery >90%),
the dosage of Gemini type BMBD collector (40 g/t) is three times less than that of monomeric
DDM collector (120 g/t). The results also suggest the tailing produced by 40 g/t BMBD contains
slightly higher amount of KCI and lower NaCl content than the tailing generated by 120 g/t
DDM. Therefore, compared with DDM, Gemini BMBD has been demonstrated as a better
collector of carnallite ore for potassium fertilizer production.

FTIR spectra

Figure 5 presented the FTIR spectra of BMBD, halite and carnallite particles with or without

BMBD treatment. As shown in Fig. 5(a), the IR spectra of BMBD indicated that the absorption
bands at 2923, 2853 and 1468 cm! were attributed to stretching of C-H?/-?>, The C-N vibrations
occurred on 1112 em™! 26-2%, The band at 1066 cm™!' was attributed to C-O stretching vibration3%-32,
Fig. 5(a) also showed that the C—H stretching peaks at 2923, 2853 and 1468 cm'! appeared at
halite surface in presence of BMBD, and the stretching vibrations of C—N bonds originated from
BMBD appeared at 1112 cm! on halite, indicating the adsorption of BMBD on halite surfaces.
But for carnallite treated with BMBD shown in Fig 5(b), the absence of FTIR bands of BMBD

molecules suggested the negligible interaction between BMBD and carnallite 33-3¢,
Surface tension results

The surface tension (y) measurements of BMBD and DDM in a NaCl-saturated solution at
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natural pH were shown in Fig. 6. The CMC values (critical micellization concentration) and the
Yemce values were shown in Table 4.

Surface tension in Fig. 6 declined fastly with the rise of surfactant concentration, then
reached a platform at CMC concentration. The results also suggested that Gemini surfactant
BMBD was a stronger collector than the conventional monomeric surfactant DDM at decreasing
the air-NaCl surface tension. At 3x10°mol/L, BMBD reduced the solution surface tension to 28.6
mN/m, whilist the surface tension in presence of DDM was 60.7 mN/m. Table 4 showed that the
CMC values of BMBD and DDM were 3x10-¢ mol/L and 2.5x10-5 mol/L respectively, wherein
CMC value of BMBD was nearly one order of magnitude less than that of DDM, which was

consistent with prior studies’”-%.
Discussion

The micro-flotation and bench-scale flotation results suggested that Gemini surfactant BMBD
had better flotation ability of carnallite ore than the conventional monomeric surfactant DDM, as
well as excellent collecting power for halite and significant selectivity against carnallite. FTIR
spectra results showed that the characteristic absorption peaks of C—H and C-N stretching
vibrations in BMBD moleucles appeared on halite surfaces, indicating the adsorption of BMBD
on halite. No adsorption band of BMBD was found on the surface of carnallite, suggesting that the
BMBD had a negligible effect on the carnallite surface. Therefore, BMBD presented excellent
collecting power for halite and significant selectivity against carnallite in accrodance with the
micro-flotation and bench-scale flotation findings, which was consistent in prior studies %4/,

Surface tension measurements results suggested BMBD molecule was much stronger than the
conventional monomeric surfactant DDM in reducing the air-NaCl saturated solution interfacial
tension. BMBD was able to decrease the air-NaCl saturated solution interfacial tension to 28.6
mN/m, compared with the corresponding value (60.7 mN/m) for DDM at the same concentration
3x10° mol/L (Fig.6). A low surface tension could be beneficial to the formation of stable and
small bubbles in the flotation process?>#3. Besides, in consequence of the addition of collector
BMBD or DDM, the air bubbles generated below the surface of NaCl-saturated solution were
partly lined with a monomolecular sheath of BMBD or DDM molecules that decreased the
air-NaCl saturated solution interfacial tension?’. This enabled each bubble with its lining to

approach other bubbles without coalescing. Since BMBD was much stronger than DDM in
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reducing the air-NaCl saturated solution interfacial tension, the obstruction of bubble coalescence
and the stability of froth generated by BMBD were greater than that by DDM, which was
consistent in prior studies >4,

As BMBD or DDM was put to the pulp, they might adsorb on the mineral particles with their
non-polar ends orientated towards the bulk solution, thus transforming the surfaces of minerals
from a hydrophilic condition to a hydrophobic condition, which created the required condition for
attachment to air bubbles?”. BMBD had two hydrophobic chains per molecule, and this might raise
the collision probability between the hydrophobic minerals and bubbles. Whilst, the hydrophobic
minerals attached to bubbles via collector’s non-polar groups orientated towards the air*$, and the
interfacial tension of BMBD at air-NaCl saturated solution interface was lower than that of DDM,
hence the attachment between minerals and froth might be more stable by using BMBD as a
collector. Therefore, BMBD presented better flotation ability of carnallite ore than DDM for
potassium fertilizer production. The potential flotation mechanism of BMBD or DDM for
carnallite ore was illustrated in Fig. 7.

In conclusion, a novel morpholine-based Gemini collector 1,4-bis
(morpholinododecylammonio) butane dibromide (BMBD) was synthesized and characterized in
this paper. The flotation performance of BMBD was compared with conventional monomeric
collector N-(n-Dodecyl) morpholine (DDM) in reverse froth flotation of carnallite ore. The
micro-flotation and bench-scale flotation results indicated that Gemini surfactant exhibited higher
collector capacity and selectivity for halite than the conventional monomeric surfactants.
Compared with conventional monomeric collector DDM (120g/t), less amount of BMBD (40 g/t)
is needed to achieve better KCI recovery and lower NaCl content in the final tailing. FTIR spectra
recommended that BMBD could preferentially bind to the surface of halite mineral rather than the
carnallite surface. Surface tension measurements demonstrated that BMBD was more efficient
than DDM at decreasing the air-NaCl saturated solution interfacial tension. Therefore,
Gemini-type BMBD surfactant with both strong hydrophobic and hydrophilic groups is an

excellent collector candidate to separate halite from carnallite ore in potassium fertilizer industry.

9

ACS Paragon Plus Environment



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

Journal of Agricultural and Food Chemistry

AUTHOR INFORMATION

Corresponding Authors

*E-mail: liliqing790827@]163.com (L. Li)

*E-mail: w.ful @uqg.edu.au (W. Fu)

ORCID

Zhigiang Huang: 0000-0002-5562-8407

Weng Fu: 0000-0003-0664-2787

Funding

The authors express their appreciation for the support of the National Natural Science Foundation
of China (Grant No. U1607108 and 51774152), Natural Science Foundation of Jiangxi, China
(Grant No. 20181BAB216018, 20171BCB23065 and 20171BCB18002), China Postdoctoral
Science Foundation (Grant No. 2016M592118),
Educational Commission of Jiangxi Province of China (Grant No. GJJ170504), and Hunan
Provincial Natural Science Foundation of China (Grant No. 2016JJ4086).

Notes

The authors declare no conflict of interest.

10

ACS Paragon Plus Environment

Page 10 of 28


mailto:liliqing790827@163.com
mailto:w.fu1@uq.edu.au

Page 11 of 28

258

259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285

286

Journal of Agricultural and Food Chemistry

REFERENCES

(1) Urrutia, O.; Erro, J.; Zabini, A.; Hosiba, K.; Blandin, A.F.; Baigorri, R.; Martin-Pastor, M.; Alis, Y.; Yvin, J.C.;
Garcia-Mina, J.M. New amphiphilic composite for preparing efficient coated potassium-fertilizers for top-dressing
fertilization of annual crops. Journal of Agricultural and Food Chemistry. 2018, 66, 4787-4799.

(2) Ni, B.L.; Liu, M.Z.; Lu, S.Y.; Xie, L.H.; Wang, Y.F. Multifunctional slow-release organic-inorganic compound
fertilizer. Journal of Agricultural and Food Chemistry. 2010, 58, 12373-12378.

(3) Mondy, N.I.; Munshi, C.B. Effect of type of potassium fertilizer on enzymatic discoloration and phenolic,
ascorbic acid, and lipid contents of potatoes. Journal of Agricultural and Food Chemistry. 1993, 41, 849-852.

(4) Hancer, M.; Miller, J.D. The flotation chemistry of potassium double salts: Schoenite, kainite, and carnallite.
Minerals Engineering. 2000, 13, 1483-1493.

(5) Wang, X.M.; Miller, J.D.; Cheng, F.Q.; Cheng, H.G. Potash flotation practice for carnallite resources in the
Qinghai Province, PRC. Minerals Engineering. 2014, 66-68, 33-39.

(6) Laskowski, J.S. From amine molecules adsorption to amine precipitate transport by bubbles: A potash ore
flotation mechanism. Minerals Engineering. 2013, 45, 170-179.

(7) Ozdemir, O.; Karakashev, S.I.; Nguyen, A.V.; Miller, J.D. Adsorption and surface tension analysis of
concentrated alkali halide brine solutions. Minerals Engineering. 2009, 22, 263-271.

(8) Hancer, M.; Celik, M.S.; Miller, J.D. The significance of interfacial water structure in soluble salt flotation
systems. Journal of Colloid and Interface Science. 2001, 235, 150-161.

(9) Nickolov, Z.S.; Miller, J.D. Water structure in aqueous solutions of alkali halide salts: FTIR spectroscopy of
the OD stretching band. Journal of Colloid and Interface Science. 2005, 287, 572-580.

(10) Du, H.; Ozdemir, O.; Wang, X.M.; Cheng, F.Q.; Celik, M.S.; Miller, J.D. Flotation chemistry of soluble salt
minerals: From ion hydration to colloid adsorption. Minerals & Metallurgical Processing. 2014, 31, 1-20.

(11) Wu Z.J.; Wang, X.M.; Liu, H.N.; Zhang, H.F.; Miller, J.D. Some physicochemical aspects of water-soluble
mineral flotation. Advances in Colloid and Interface Science. 2016, 235, 190-200.

(12) Titkov, S.; Sabirov, R.; Panteleeva, N. Investigations of alkylmorpholines-collectors for a new halite flotation
process. Minerals Engineering. 2003, 16, 1161-1166.

(13) Titkov, S. Flotation of water-soluble mineral resources. International Journal of Mineral Processing. 2004,
74,107-113.

(14) Zhao, S.; Huang, G.; An, C.J.; Wei, J.; Yao, Y. Enhancement of soil retention for phenanthrene in binary

11

ACS Paragon Plus Environment



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

Journal of Agricultural and Food Chemistry

cationic gemini and nonionic surfactant mixtures: Characterizing two-step adsorption and partition processes
through experimental and modeling approaches. Journal of Hazardous Materials. 2015, 286, 144-151.

(15) Liu, G.; Yang, X.; Zhong, H. Molecular design of flotation collectors: A recent progress. Advances in Colloid
and Interface Science. 2017, 246, 181-195.

(16) Wang, C.J.; Jiang, X.H.; Zhou, L.M.; Xia, G.Q.; Chen, Z.J.; Duan, M.; Jiang, X.M. The preparation of
organo-bentonite by a new gemini and its monomer surfactants and the application in MO removal: A comparative
study. Chemical Engineering Journal. 2013, 219, 469-477.

(17) Menger, F.M.; Keiper, J.S. Gemini surfactants. Angewandte Chemie International Edition. 2000, 39,
1906-1920.

(18) Kirby, A.J.; Camilleri, P.; Engberts, J.P.F.N., et al. Gemini surfactants: new synthetic vectors for gene
transfection. Angewandte Chemie International Edition. 2003, 42, 1448-1457.

(19) Lin, J.; Wang, W.; Bai, W.L.; Zhu, M.N.; Zheng, C.; Liu, Z.L.; Cai, X.F.; Lu, D.D.; Qiao, Z.W.; Chen, F.Q.;
Chen, J.X. A gemini-type superspreader: Synthesis, spreading behavior and superspreading mechanism. Chemical
Engineering Journal. 2017, 315, 262-273.

(20) Brycki, B.; Waligorska, M.; Szulc, A. The biodegradation of monomeric and dimeric alkylammonium
surfactants. Journal of Hazardous Materials. 2014, 280, 797-815.

(21) Li, F.X.; Zhong, H.; Xu, H.F.; Jia, H.; Liu, G.Y. Flotation behavior and adsorption mechanism of
a-hydroxyoctyl phosphinic acid to malachite. Minerals Engineering. 2015, 71, 188-193.

(22) Gao, Y.S.; Gao, Z.Y.; Sun, W.; Yin, Z.G.; Wang, J.J.; Hu, Y.H. Adsorption of a novel reagent scheme on
scheelite and calcite causing an effective flotation separation. Journal of Colloid and Interface Science. 2018, 512,
39-46.

(23) He, Z.X.; Jiang, Y.Q.; Zhu, J.; Wang, H.Y.; Li, Y.H.; Zhou, H.Z.; Meng, W.; Dai, L.; Wang, L. N-doped
carbon coated LiTi,(POy,); as superior anode using PANi as carbon and nitrogen bi-sources for aqueous lithium ion
battery. Electrochimica Acta. 2018, 279, 279-288.

(24) Liu, S.; Zhong, H.; Liu, G.Y.; Xu, ZH. Cu(l)/Cu(ll) mixed-valence surface complexes of
S-[(2-hydroxyamino)-2-oxoethyl]-N,N-dibutyldithiocarbamate: Hydrophobic mechanism to malachite flotation.
Journal of Colloid and Interface Science. 2018, 512, 701-712.

(25) Liu, C.; Feng, Q.M.; Zhang, G.F.; Ma, W.K.; Meng, Q.Y.; Chen, Y.F. Effects of lead ions on the flotation of
hemimorphite using sodium oleate. Minerals Engineering. 2016, 89, 163-167.

(26) Castillo, M.V.; Pergomet, J.L.; Carnavale, G.A.; Davies, L.; Zinczuk, J.; Brandan, S.A. FTIR, FTRaman,

12

ACS Paragon Plus Environment

Page 12 of 28



Page 13 of 28

317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345

346

Journal of Agricultural and Food Chemistry

UV-Visible and NMR spectroscopic studies on 3,3°,4,4’-tetrachloroazoxybenzene, an azoxybenzene derivative
with toxic effects. Journal of Molecular Structure. 2017, 1142, 18-27.

(27) Arjunan, V.; Marchewka, M.K.; Raj, A.; Yang, H.F.; Mohan, S. Structural and vibrational spectral
investigations of melaminium glutarate monohydrate by FTIR, FT-Raman and DFT methods. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy. 2015, 135, 540-550.

(28) He, Z.X.; Li, M.M.; Li, Y.H.; Zhu, Ji.; Jiang, Y.Q.; Meng, W.; Zhou, H.Z.; Wang, L.; Dai, L. Flexible
electrospun carbon nanofiber embedded with TiO, as excellent negative electrode for vanadium redox flow battery.
Electrochimica Acta. 2018, 281, 601-610.

(29) Ma, X.; Hu, Y., Zhong, H.; Wang, S. Liu, G.Y.; Zhao, G. A novel surfactant
S-benzoyl-N,N-diethyldithiocarbamate synthesis and its flotation performance to galena. Applied Surface Science.
2016, 365, 342-351.

(30) Mohsin, G.F.; Schmitt, F.J.; Kanzler, C.; Epping, J.D.; Flemig, S.; Hornemann, A. Structural characterization
of melanoidin formed from D-glucose and Lalanine at different temperatures applying FTIR, NMR, EPR, and
MALDI-ToF-MS. Food Chemistry. 2018, 245, 761-767.

(31) Sammaiah, A.; Padmaja, K.V.; Prasad, R.B.N. Synthesis and evaluation of novel acyl derivatives from
jatropha oil as potential lubricant basestocks. Journal of Agricultural and Food Chemistry. 2014, 62, 4652-4660.
(32) Arjunan, V.; Anitha, R.; Thenmozhi, S.; Marchewka, M.K.; Mohan, S. Potential energy profile, structural,
vibrational and reactivity descriptors of trans-2-methoxycinnamic acid by FTIR, FT-Raman and quantum chemical
studies. Journal of Molecular Structure. 2016, 1113, 42-54.

(33) Zhao, L.; Liu, W.G.; Duan, H.; Yang, T.; Li, Z.; Zhou, S.J. Sodium carbonate effects on the flotation
separation of smithsonite from quartz using N,N'-dilauroyl ethylenediamine dipropionate as a collector. Minerals
Engineering. 2018, 126, 1-8.

(34) Chen, W.; Feng, Q.M.; Zhang, G.F.; Yang, Q. Investigations on flotation separation of scheelite from calcite
by using a novel depressant: Sodium phytate. Minerals Engineering. 2018, 126, 116-122.

(35) Yao, M.; Zhu, J.; Meng, W.; Li, C.; Li, C.; Wang, L.; Jiang, Z.; He, Z.; Li, Y.; Meng, W.; Zhou, H.; Dai, L.
Enhanced lithium storage performance of nanostructured NaTi,(PO4); decorated by nitrogen-doped carbon.
Electrochim Acta. 2019, 294, 226-232.

(36) Huang, Y.G.; Liu, G.Y.; Ma, L.Q.; Liu, J. 5-Heptyl-1,3,4-oxadiazole-2-thione: Synthesis and flotation
mechanism to chalcopyrite. Journal of Industrial and Engineering Chemistry. 2018, 61, 331-339.

(37) Zana, R. Dimeric and oligomeric surfactants, Behavior at interfaces and in aqueous solution: a review.

13

ACS Paragon Plus Environment



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

Journal of Agricultural and Food Chemistry

Advances in Colloid and Interface Science. 2002, 97, 205-253.

(38) Espert, A.; Klitzing, R.V.; Poulin, P.; Colin, A.; Zana, R.; Langevin, D. Behavior of soap films stabilized by a
cationic dimeric surfactant. Langmuir. 1998, 14, 4251-4260.

(39) Zana, R.; Talmon, Y. Dependence of aggregate morphology on structure of dimeric surfactants. Nature. 1993,
362, 228-230.

(40) Wang, L.J.; Liu, G.S.; Song, X.F.; Yu, H.G. Molecular modeling for selective adsorption of halite with
dodecylmorpholine. Acta Physico-Chimica Sinica. 2009, 25, 963-969.

(41) Abu-Hamatteh, Z.S.H.; Al-Amr, A.M. Carnallite froth flotation optimization and cell efficiency in the Arab
Potash Company, Dead Sea, Jordan. Mineral Processing and Extractive Metallurgy Review. 2008, 29, 232-257.
(42) Shen, L.; Zhu, J.B.; Liu, L.Y.; Wang, H.F. Flotation of fine kaolinite using dodecylamine chloride/fatty acids
mixture as collector. Powder Technology. 2017, 312, 159-165.

(43) Srdjan, M.B. Handbook of flotation reagents: chemistry, theory and practice: flotation of sulfide ores. Elsevier
Science & Technology Books, 2007.

(44) Wills, B.A. Minerals processing technology. Six Edition. Butterworth-Heinemann, 1997.

(45) Para, G.; Hamerska-Dudra, A.; Wilk, K.A.; Warszynski, P. Mechanism of cationic surfactante

adsorption-Effect of molecular structure and multiple charge. Colloids and Surfaces A: Physicochem. Eng. Aspects.

2011, 383, 67-72.

(46) Martin, V.I.; Haba, R.R.; Ventosa, A.; Congiu, E.; Ortega-Calvo, J.J.; Moyd, M.L. Colloidal and biological
properties of cationic single-chain and dimeric surfactants. Colloids and Surfaces B: Biointerfaces. 2014, 114,
247-254.

(47) Bradshaw, D.J.; Oostendorp, B.; Harris, P.J. Development of methodologies to improve the assessment of
reagent behaviour in flotation with particular reference to collectors and depressants. Minerals Engineering. 2005,
18, 239-246.

(48) Fuerstenau, M.C.; Jameson, G.J.; Yoon, R.H. Froth flotation: a century of innovation, Society for Mining,

Metallurgy, and Exploration, Inc. 2007.

14

ACS Paragon Plus Environment

Page 14 of 28



Page 15 of 28 Journal of Agricultural and Food Chemistry

372 Tables

373

374  Table 1. Chemical composition of the pure minerals (wt%)

375 Table 2. Chemical composition of carnallite ore and saturated carnallite solutions (wt%)

376  Table 3. Reverse flotation results of carnallite ore with 40 g/t BMBD or 120 g/t DDM as a
377  collector at natural pH 6.83

378 Table 4. Values of the CMC and ycpc for BMBD and DDM

15

ACS Paragon Plus Environment



Journal of Agricultural and Food Chemistry

379  Table 1. Chemical composition of the pure minerals (wt%)

380
Sample KCl NaCl MgCl,
Halite — 99.50 —
Carnallite 26.33 0.66 33.62
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381

382  Table 2. Chemical composition of carnallite ore and saturated carnallite solutions (wt%)

383
Sample KCl1 NaCl MgCl, CaSOy H,O
Carnallite ore 18.13 19.95 27.78 1.29 32.85
Saturated carnallite solutions 0.88 0.17 32.34 0.09 66.52
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384
385
386
387
388

Table 3. Reverse flotation results of carnallite ore with 40 g/t BMBD or 120 g/t DDM as a

Journal of Agricultural and Food Chemistry

collector at natural pH 6.83

Collector Entry  Product Weight/% Grade/% Recovery/%
KCI NaCl KClI NaCl

1 Tailings 80.19 22.46 2.25 97.93 8.92
Concentrates 19.81 1.92 92.98 2.07 91.08
Feed 100.00 18.39 20.22 100.00  100.00

2 Tailings 80.51 22.33 2.48 98.18 9.91
BMBD 40 g/t Concentrates 19.49 1.71 93.15 1.82 90.09
Feed 100.00 18.31 20.15 100.00  100.00
3 Tailings 81.08 22.52 2.61 98.39 10.85
Concentrates 18.92 1.58 91.87 1.61 89.15
Feed 100.00 18.56 19.50 100.00  100.00
Average Tailings 22.44 2.45 98.17 9.89
RSD 0.43 7.45 0.23 9.76
4 Tailings 78.21 22.08 3.89 93.33 14.38
Concentrates  21.79 5.66 83.13 6.67 85.62
Feed 100.00 18.50 21.16 100.00  100.00
5 Tailings 79.07 22.01 4.17 94.39 15.57
DDM 120 g/t Concentrates  20.93 4.94 85.42 5.61 84.43
Feed 100.00 18.44 21.17 100.00  100.00
6 Tailings 78.60 22.12 4.06 94.06 15.29
Concentrates  21.40 5.13 82.64 5.94 84.71
Feed 100.00 18.48 20.88 100.00  100.00
Average  Tailings 22.07 4.04 93.93 15.08

RSD 0.25 3.49 0.58 4.13

ACS Paragon Plus Environment

18

Page 18 of 28



Page 19 of 28 Journal of Agricultural and Food Chemistry

389 Table 4. Values of the CMC and ycpc for BMBD and DDM

390
Surfactant CMC (mol/L) Yeme (MN/m)
BMBD 3x10¢ 28.4
DDM 2.5%10°3 31.1

391
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Figures

Figure. 1. XRD of halite and carnallite

Figure. 2. The flowsheet of reverse froth flotation experiments

Figure. 3. Synthetic route for morpholine-based Gemini surfactant BMBD

Figure. 4. Flotation recovery of halite (a) and carnallite (b) as a function of collector concentration
at natural pH

Figure. 5. FTIR spectra of BMBD, halite (a) and carnallite (b) before and after interaction with
BMBD

Figure. 6. The surface tension for BMBD and DDM in a NaCl-saturated solution

Figure. 7. BMBD or DDM as a collector for reverse froth flotation separation of halite from

carnallite ore for potassium fertilizer production
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405  Figure. 1. XRD of halite and carnallite
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407  Figure. 2. The flowsheet of reverse froth flotation experiments
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Figure. 3. Synthetic route for morpholine-based Gemini surfactant BMBD
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Figure. 4. Flotation recovery of halite (a) and carnallite (b) as a function of collector concentration

at natural pH
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420  Figure. 5. FTIR spectra of BMBD, halite (a) and carnallite (b) before and after interaction with
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423 Figure. 6. The surface tension for BMBD and DDM in a NaCl-saturated solution

26

ACS Paragon Plus Environment



Page 27 of 28 Journal of Agricultural and Food Chemistry

Gemini-NaCl-bubble floe

NaCl Gemini-NaCl aggregates
A
e, LU 0O
0, 0% .. Air bubbles
V AAAAAA
Carnallite

Monomer-NaCl-bubble floc Gemini-NaCl-bubble floc

- s

Air bubble

-
e

Agitator

424 Figure. 7. BMBD or DDM as a collector for reverse froth flotation separation of halite from

425  carnallite ore for potassium fertilizer production
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