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Abstract. Clay-based water-transmitting materials were proposed in order to solve the problems of
dry soil layer and watering during forest planting in drought areas. The pillared interlayered clay was
prepared in the presence of primary bentonite. The conductivity property was investigated under
various conditions of cross-linking agent ratio. The structural aspects and thermal degradation of
composites were also studied by means of XRD, TG and porosity analysis. The results indicated that
pillared clays modified by Al cross-linking agent exhibit higher water conductivity properties
remarkably. Larger specific surface area, more pores and complicated pore structures play vital roles
in the enhancement of the conductivity property. This kind of material can obviously elevate capillary
water upward from subsurface aquifer to the roots of saplings in drought areas so as to improve the
survival rate of the saplings.

Introduction

1t is very difficult to implement large-scale afforestation in arid regions of China, where exists an
approximately one-meter-thick dry soil layer on the ground surface. As the primary factor for
ecological restoration, water is precisely in shortage in these regions and has become the greatest
obstacle because the evaporation there is always as high as 1,500-3,000 mm whereas the precipitation
is generally 300 mm blew [1]. Traditional methods such as solid water, drip irrigation, frequent
watering applied in these areas turned out to be costly, inefficient and wasteful, which is obviously
detrimental to the sustainable development of ecological restoration. The primary object of this paper
is to utilize the moisture content below dry soil layer by means of elevating soil water upward using
the water-conducting property of materials.

Pillared interlayered clays (PILC) is a two-dimensional porous material similar to molecule sieve.
The pore-size of PILC is bigger than that of micropore zeolite molecule sieve, therefore it
compensates for the shortage of microporous molecular sieve, In recent years, the PILC is one of the
very active fields in international research on clay modification [2-8]. The principle of PILC is to use
the reaction activity of exchangeable cations possessed in layers of clay mineral. When some
compounds and inorganic metal cations are drawn into interlayers by ion exchanging, stable metallic
oxide props up the pillar and then forms a new large-diameter and weli-distributed composite material
at molecular level [9-10]. PILC has large specific surface area, stable aperture structure and many
other advantages. It can be widely applied in petrochemical industry, environmental protection and
machinery industry as sorbent, flocculating agent, catalyst and additive [11-15].

Based on excellent properties of inorganic PILC, this paper proposed the preparation of a kind of
new clay material with prominent property of water adsorption and water conductivity and the
polymeric hydroxide radical aluminum cross linker (Ah;;O.;(OH)u(H;O).z7+ ) was applied for
chemical modification. Modified clay can elevate moisture content upward from the subsurface
aquifer to saplings’ roots continuously by capillary action. Therefore, the soil moisture around the
roots and the available water capacity of seil-can remain at reasonable level to meet the normal growth
and development of saplings. The porous characteristics and water conductivity properties of PILC
were studied. Unlike traditional pillared clays, whose aim is to obtain uniform macropore structures
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and improve the catalytic activity and thermal stability, the pillared clay prepared in this paper
emphasizes on higher specific surface area, more complex porous structures and prominent property
of water adsorption and water conductivity.

Experiments .

Raw Materials. Primary bentonite (mainly composed of sodium-based montmorillenite) with a
granularity with mesh holes of 75 um. Soluble salts were washed in 50% ethanol solution using
magnetic force stirring for 5 min, then the clear liquid was strained off after centrifugation. The
samples, repeatedly washed for 2-3 times, were dried at 40°C, then crashed and sifted through a
75 umssieve. Sodium hydroxide and crystal aluminum chloride are both pure agents. The biennial
oriental arborvitaes, with mean saplings height of 40 cm and mean ground diameter of 0.69 cm, were
selected as the experimental tree specie.

Preparation of PILC. Sodium hydroxide solution (1.0 mol/L) was added dropwise to aluminum
chloride solution (0.5mol/L) in equivalent volumes with the stirring of magnetic stirring apparatus at
room temperature. The concentration ratio of [OH] and [AI’"] was 2:1 and the flocculate
cross-linking agent was obtained after reacting for four hours at 70°C followed by aging for two weeks
at room temperature. Then the cross-linking agent (diluted with distilled water to 0.2 mol/L) was
added dropwise to clay suspension (with mass fraction being 15%) with the ratio of amount of
substance of [AI**] to the mass of clay was controlled at 0.25, 0.5, 0.75, 1.00 mmol/g respectively.
After 12 hours of stability at room temperature, the clear liquid was strained off after centrifugation
and the product was washed in distilled water for many times, dried at 120°C until the quality was
constant, then crashed and sifted through a 75 zm sieve. The specimen were determined numbers
respectively: T(primary clay), TA1 ,TA2, TA3, TA4.

Test and Characterization. Water-transmitting property of PILC: the prepared original and
modified semples were loaded in glass tubes separately with the tube bottoms sealed with cotton
sliver. After immersing the bottoms in water to a depth of 1cm and fixing the glass tubes at the same
horizontal level, the water climbing height were observed and recorded at intervals of an hour.

Specific surface areas and porosity: The specific surface areas and porosity were analyzed by
ASAP2020 automatic surface area and porosity analyzer (produced by Micromeritics in America)
with the analytical mode being micropore and mesopore. To eliminate any negative effects caused by
surface and interlayer water, the samples were degassed at 120°C. The adsorption-desorption
isotherms of samples were surveyed at the saturation temperature of liquid nitrogen (77K) followed
by saturation adsorption. The specific surface areas were analyzed by the BET (Brunauer-
Emmett-Teller) method and he pore-size distribution was analyzed by the BJH
(Barrett-Joyner-Halenda) method.

X-ray diffraction (XRD): The changes of interplanar crystal spacing of clay materials were
measured by D/MAX-2200PC X-ray analyzer (produced by RICOH in Japan) with the test conditions
as follows: copper target (wavelength 0.154059nm), tube current 100mA, scanning speed S ° / min,
diffraction angle range 1° - 15°.

Thermogravimetry (TG): the clay samples were set in the PQX artificial climate box in which
humidity level was 90%. Diamond S 1l comprehensive thermal analyzer (produced by Perkin Elmer in
America) was used to analysis each thermogravimetry curve of pillared inorganic popous clays with
the test conditions as follows: nitrogen atmosphere, temperature range 20 - 600 °C, heating rate
30°C/min.

Field Application. The experimental plot locates in Tongliao of Inner Mongolia Autonomous
Region. Biennial oriental arborvitaes were chosen as experimental tree species. Local protosomatic
bentonite was modified in the favored experimental conditions which were screened out in the
laboratory study . Different clay samples were tended in degradable¢ plastic cylinders (15 cm thick and
1 m long) which were placed vertically in the soil beneath the tree wells. Then the saplings were
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planted with a good watering. The soil moisture content of tree wells is detected by M-30 quick
moisture instrument and the real-time of survival rate was calculated at stated intervals.

Results and Discussion

Analysis of Water Conductivity Property. In Figure [, curve (a) and (b) are respectively the water
conductivity curves of clay materials in onc day and after one day. As shown in the figure, polymeric
hydroxide radical aluminum ion can obviously improve water conductivity property of modified clay
materials. The water conductivity property increases gradually with an increase of the ratio of
cross-linking agent to clay. 12 hours later, the water-climbing height of T, TA1, TA2, TA3 and TA4
were respectively 50.5, 63.7, 73.0 and 67.3 cm with the height order being TA3 > TA4>TA2 > TAl>
T. After four days, the maximum water-climbing height of TA3, follow by TA4, (the ratio of amount
of substance of [AI**] to the quality of clay being 0.75mmol/L) was 147.5 cm with the strongest water
conductivity property. Therefore, the succeeding analysis of physical and chemical characteristics of
materials mainly target on TA3 and TA4 samples.
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Fig.1 Water conductivity curves of primary clay and pillared interlaylered clay. (a) Water conductivity
curves in one day, (b) Water conductivity curves after one day (TA1, TA2, TA3, TA4- the ratio of
amount of substance of aluminium ion to mass of clay respectively being 0.25, 0.5, 0.75, 1.00
mmol/g)

Analysis of Specific Surface Sreas and Sorosity. N, adsorption-desorption isothermal curves of
clay before and after modified (take TA3 for instance) are shown in Figure 2. As shown in the figure
(2) and (b), around the low P/P, area, the adsorption curves is steady, while around the high P/Py arca,
the adsorption increases fast with the increase of P/Py and the adsorption curves suddenly grows
steeply. This means that the two isotherms are both type IV isotherm of the BDDT classification [16)
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Fig.2 N, adsorption-desorption isotherms of primary clay and pillared interlaylered clay.
{a)Adsosption of primary clay; (b)Adsorption of pillared interlaylered clay.
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and present a small hysteresis loop type H4 as defined by lUPAC[17]. But unlike the primary clay,
whose typical structure is slit-shaped capillary pore with paraliel wails, the modified clay’s adsorption
loop line has a change trend from H4 (o H3, which mans it has be-shaped capillary pore with cone or
biconical structure caused by bridge-joint between laminas. Comparing longitudinal coordinates, the
maximum N, adsorption of modified clay is much larger than that of primary clay, which indicates the
increasing of specific surface area and complication of pore structure:

Figure 3 (a) and (b) are the BHJ pore-size distribution curves of primary clay and porous pillared
interlaylered clay (take TA3 for instance). Pore-size distribution of primary clay mainly ranges from
35 10 5 nm, and average pore diameter is 4.38676 nm. After the modification, the pore-size
distribution changes as the peak getting wider and the number of mesopores increasing. The
difference between the two curves is attributed to the specific mesopore volume and this coincides
with the small hysteresis loop type of the isotherms. The calculated average diameters of TA3 and
TAA4 are respectively 6.93601 nm and 6.68243 nm.
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Fig.3 Pore-size distribution curves of primary clay and pillared interlaylered clay.
(a)Pore volume of primary clay, (b) Pore volume of pillared interlaylered clay.

The specific surface area, pore volume, average diameter of each sample is listed in Table 1. From
the table, the specific surface area of the clay, which was modified by the polymeric hydroxide
hydroxide radical aluminum ions, is bigger than that of primary clay samples. It is mainly attributed to
more complex pore configurations and pillaring of inorganic hydroxide radical. With the increasing
of specific surface areas, absorbability to the water of the samples accelerates, and this is in
accordance with the water conductivity curves in Figure 1. However, when the concentration of
aluminum ion increases further more, the specific surface area and pore volume of TA4 decline on the
contrary. This is mainly because the main active sites of ion exchange reaction of montmoriilonite
have been depleted and the excessive pillared ions block the pores.

Table 1 Specific surface areas, average pore diameters and pore volumes of different samples.

Clay sample Specific s;.lrt:a],ce area A_verage pore Pore v‘?lum_el
f(m°-g") diameter /nm AmL-g"-nm”)
T 11.6012 4.38676 0.016120
TA3 23.6497 6.93601 0.056426
TA4 14.0749 6.68243 0.034073

XRD Analysis. Figure 4 is the XRD spectra of T, TA3 and TA4. The main difference of the three
spectra is the corresponding maximum distance between the dog; layers. According to Bra
equation, nd = 2d'sin@, The doo; value of primary clay sample T corresponds to a 1.44749x10”um
interplanar crystal spacing that is characteristic for a sodium montmorillonite with. corresponding
" angle of diffraction being 6.101°. ‘When the ratio of the account of aluminium ion to the quantity of
clay is 0.75mmol/g, the diffraction peak appeared at 5.68° and it corresponds to an dgq interplanar
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crystal spacing of 1.55467 x10~um, which indicates the pillaring process of cross-linking aluminium
jon in expanding the basal spacing and producing the microporosity and mesoporosity of the sample.
However, when the ratio of the account of aluminium ion to the quantity of clay is lmmol/g, the
diffraction peak appeared at 6.26° and it corresponds to an doo interplanar crystal spacing of
1.42899%10°, which indicates that excessive pillared ion has already destroyed the layer structure.
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Fig.4 X-ray diffraction spectra of primary clay and pillared interlaylered clay.
(a)Primary clay, (b) Pillared interlaylered clay TA3, (c) Pillared interlaylered clay TA4.

Theoretically, the dlameter of cross-linking agent [Al;304(OH)24(HO),2)" with Keggm structure is
approximately 1%107um, while the thickness of montmorillonite layer is about 9. 5x1074 pm Thus the
basal interplanar crystal spacing of the porous modified clay should be about 1.95x 10”3 um, which is
not in keeping with the calculated results. This is because that the cross-linking agent is the
hydrolyzate of aluminum chloride, then multiple chemical reaction equilibrium existed in the reaction
caused a variety of polymeric hydroxide radical aluminum with different polymerization degree and
multiple pore framework[8].

Thermogravimetric (TG) Analysis. TG curves of clay samples are shown in Figure 5. In the
temperature range from 20°C to 120°C, all the samples lose adsorption water and interlayer water, and
the curves of modified clay lag behind that of primary clay. The weight loss of sample T is bigger than
that of TA3 and TA4 at the same temperature, which indicates that the modified clay is not easy to
dehydrate and has higher capillary water absorbability. In this experimental research scope, as shown
in the steep curve of sample T, the primary clay loses crystal water and a large portion of organic
mater with temperature increasing and pyrolysis accelerating. The total weight loss of primary clay is
around 39%. Correspondingly, the thermal weight loss curves of modified clay are even gentle with
the total weight loss (mainly attributed to the crystal water loss of cross-linking agent and clay
framework) of TA3 and TA4 respectively being about 19% and 23%, which indicates that the
modified pillared clay has good thermal stability on the other hand,

Weight [%]
0 & M 30 9%

20 200 400 600 800 1000
Temperature [°C]

Fig.5 Thermogravimetric analysis curves of of primary clay and pillared interlaylered clay.
(a)Primary clay, (b) Pillared interlaylered clay TA3, (c) Pillared interlaylered clay TA4.
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Analysis of Field Application Effect. On different time points in the experiment, the soil
moisture content of tree wells and the survival rate of saplings were recorded as shown in table 2 and
3 respectively. In the same period, soil moisture content of tree wells using modified pillared clay as
water-transmitting materials is obviously higher than that of tree wells using primary clay as
water-transmitting materials. Moreover, as time went on, the decreasing rate of soil moisture content
of the former is also much slower than the later. Therefore, with the double effects of capillary
water-adsorption of modified pillared clay and osmotic water-absorption of plant roots, the modified
pillared clay can elevate capillary water upward from subsurface aquifer to the roots of saplings and
meanwhile maintain reasonable soil humidity and available water for the growth of saplings. As
shown in table 3, the survival rates of sapling, after six months of growing, are respectively only 10%
for the control group (T), 74% for TA3 group and 63% for TA4 group. It is showed that the
water-transmitting materials prepared in this paper, especially for TA3, which has better
microstructure and physicochemical properties, has achieved outstanding result in enhancing the
survival rate of trees.

Table 2 Soil moisture content of tree wells.

cl " The second day sfier watering The day before rain The first day after rain The tenth day after rain
Ry sample (April sixth)% (April thirteenth}% (April fifieenth¥% (April twenty-fourth V%
TA4 33.6 21.7 35.8 212
TA 354 226 35.7 230
Control group (T) 24.1 1.4 176 10.8
Table3 Survival rates of saplings.
. Numberof trees Survival rate
Clay sample Tree specic half later%
April fourth May fourth June fourth July fourth  August fourth & year
TA4 Biennial 100 86 78 70 65 63
TA3 oriental 100 9 88 81 8 74
Control group () Arborvitae 100 66 52 27 19 10
Summary

The water transmissibility of clay materials is significantly enhanced after the modification with the
polymeric hydroxide radical aluminum. When the ratio of the account of aluminium ion to the
quantity of clay is 0.75 mmol/g, the modification effect is best. The enhancement of the water
conductivity property is attributed to the larger specific surface areas, the increasing amount of
micropore and mesopore as well as the complication of pore structures. This kind of material can
significantly elevate capillary water upward from subsurface aquifer to the roots of saplings and has
gained a striking effort in improving the survival rate of the saplings in drought areas.
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