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Abstract 

The problems of processing spent adsorbents with a high concentration of chemisorbed chlorine-containing com-

pounds for their reuse are studied in this article. The genesis of the phase composition and morphology at all tech-

nological stages of thermochemical regeneration of the spent adsorbent - Axstrap-860 by means of alkaline modifi-

cation with a combined solution of sodium and potassium hydroxides has been tested by diffractometry and ele-

mental analysis. The results show that the formation of a layer with an increased concentration of alkali metals in 

the form of the corresponding carbonates and NaOH on the surface of the granules and in the volume of sodium 

and potassium aluminates provides adsorption of HCl, which are slightly inferior to the fresh adsorbent. The con-

ditions for the removal of halogen-containing substances from technogenic raw materials with the subsequent iso-

lation of useful products have been optimized: (1) crystalline NaCl intended for the preparation of electrolyte for 

electrode boilers and steam generators; (2) a mixture of chlorides and hydroxochlorides of aluminum tested in the 

process of coagulation purification of turbid natural and waste waters; (3) pseudoboehmite for the production of an 

adsorbent-desiccant and the synthesis of magnesium-aluminum spinel using the technology of destruction-

epitaxial transformation, and a promising carrier for catalysts for steam reforming of hydrocarbons.  

 

Copyright © 2021 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA   
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1. Introduction 

The oil and gas processing industry along 

with the petrochemical and chemical industries, 

is a labor-intensive production and it is accom-

panied by the formation of various wastes that 

have a negative impact on the environment. In 

order to involve alumina waste from polyeth-

* Corresponding Author. 

   Email: mi-shavkat@yandex.ru (S. Mamatkulov ) 

Received: 27th September 2021; Revised: 29th October 2021; Accepted: 30th October 2021 

Available online: 9th November 2021; Published regularly: March 2022 

ylene production for the industrial and economic 

circulation, the possibility of complex processing 

of this technogenic raw material into the follow-

ings is proved: 1) fresh adsorbent Uz-AD-1 for 

purifying hydrogen from chlorine-containing im-

purities at a naphtha reforming unit was proved 

[1]; 2) a component of carriers of catalysts for 

hydrotreating, prehydrotreating and demetalli-

zation of heavy oil feedstock [2]; 3) pseu-

doboehmite for the synthesis of an adsorbent of 
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a protective layer for the process of oxidative 

conversion of hydrogen sulfide [3]. The adsor-

bent Uz-AD-1, which was developed by us, as 

well as its imported counterparts, is inevitably 

turned into a waste category after 1-2 years of 

operation. The solution to the problem of pro-

cessing these wastes, containing a large 

amount of chemisorbed corrosive substances, is 

very important for enterprises where installa-

tions provide a halogenation procedure during 

the regeneration of reforming catalysts. Due to 

the huge demand for high-quality gasoline, we 

know about the hardware design [4,5] and the 

features of various naphtha reforming process-

es [6,7], the kinetics of reactions [8], causing an 

increase in the octane number of low-boiling 

hydrocarbons, the development and production 

of new catalysts [9–12] for implementation. The 

formation of acidic and metallic Pt centers, the 

mechanism of coke formation [13], the influ-

ence of a number of factors on the degree of de-

activation of reforming catalysts [14], and opti-

mization of the conditions for their regenera-

tion [15] have been studied in detail. Infor-

mation on the purposeful preparation of specif-

ic adsorbents for the auxiliary process of purifi-

cation of hydrogen-containing gas from halo-

gen-containing compounds is reflected mainly 

in patents [16–18], and insufficient attention 

has been paid to the disposal of spent adsor-

bents [19].  

In this paper we presents the results of ther-

mochemical activation of the Axstrap-860 ad-

sorbent, spent in the process of purifying a hy-

drogen-containing reforming gas of the fuel di-

rection with an emphasis on recycling and 

waste-free technology of its regeneration. The 

role of hydrogen in oil refining, petrochemistry 

and organic chemistry can hardly be overesti-

mated. Hydrogen at oil refineries (refineries) is 

obtained in the process of catalytic reforming, 

in which it is formed as a by-product and it is 

used as a reagent in the hydrodesulfurization 

of fuels and oils after purification. However, re-

forming hydrogen does not fully meet the needs 

of even hydrogenation processes, not to men-

tion the large tonnage production of ammonia. 

As a result, in the mid-70s, in the midst of the 

first wave of the energy crisis, hydrogen energy 

was developed vigorously and it is produced 

purposefully [20]. Interest in hydrogen has not 

faded away to this day [21,22]. Technical hy-

drogen with a purity of 97-97 %vol, suitable for 

hydrotreating and hydrocracking, is produced 

by vapour conversion, either natural gas or 

straight-run gasolines [23]. Vapor conversion of 

methane is currently one of the basic processes 

in the chemical industry [24–26], so that inten-

sive research is being carried out to develop ef-

ficient and reliable fuel processors - generators 

of synthesis gas and hydrogen into fuel for 

power plants [27–29]. In order to implement 

the principle of "multi-fuel", i.e., the conversion 

of various types of hydrocarbon raw materials 

into a mixture of H2 and CO, Zyryanova et al. 

[29] selected NIAP-18, a catalyst for vapour 

and vapour-carbon dioxide conversion of natu-

ral gas. This is an industrial catalyst, tableted 

from a high-alumina carrier in the form of cy-

lindrical rings, calcined at 1500 °C. The main 

active component of the catalyst is an inserted 

nickel oxide with 3.7 wt.% Ca and 0.5 wt.% Mg 

promoters. At the same time, the authors em-

phasize the need for further improvement of 

the catalyst in order to increase its coke re-

sistance.  

Previously, the coke deposits on K-38 

(NiO/MgAl2O4) catalyst were absent, both in a 

laboratory unit and after 10 months of its oper-

ation as a frontal layer in the process of steam 

conversion of heavy refinery gases at the Gas 

Plant of PA Angarsknefteorgsintez. Therefore, 

the possibility of synthesizing magnesium-

aluminum spinel [30] was simultaneously con-

sidered as a useful by-product in demand of 

various industries [31–35] during the produc-

tion of a new adsorbent of chlorine-containing 

compounds based on the spent adsorbent Ax-

strap-860, unloaded from the adsorber of the 

naphtha reforming unit of the Bukhara Refin-

ery. 

 

2. Materials and Methods 

For the complex processing of secondary 

aluminum-containing raw materials, the 

following reagents were used: the Axstrap-860 

adsorbent spent in the process of cleaning off-

gases from chlorine-containing compounds 

(Bukhara Refinery, Uzbekistan); NaOH, 25% 

NH4OH and 65% HNO3 (Navoiazot JSC, 

Uzbekistan); KOH (CHEMPACK, Russia), 

MgO (MAGNIKORM, Russia); Ni (NO3)2 6H2O 

(OJSC Ural Plant of Chemical Reagents, 

Russia). 

The content of the main elements 

(aluminum, sodium, and chlorine) in solid 

waste adsorbents was determined using a 

scanning electron microscope EVOMA 10 

(Zeiss). The porous characteristics and specific 

surface of the carriers and catalysts were de-

termined using a Carlo Erba porosimeter by 

mercury penetration under pressure from 0 to 

200 MPa. The concentration of aluminum in 

solutions was determined by complexometric 

titration, chloride ions on argentometric 
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titration, and sodium on flame photometry. The 

relative content of chlorinated oligomers in the 

sediments was estimated by the appearance of 

the 1270–1300 cm−1 band when recording IR 

spectra in the incomplete internal reflection 

mode on a Nicolet S50 spectrometer. 

Diffraction patterns of the samples were 

obtained on a diffractometer (Empyrean 

Diffractometer), and thermograms on a 

HESON HS-TGA-103 derivatograph within the 

temperature range of 298–1273 K with a 

heating rate of 10 K/min. Electronic spectra of 

diffuse reflectance of indicators which were 

adsorbed to identify the main centers on the 

surface of the studied adsorbents, were 

recorded on a Hitachi-330 spectrometer [36,37]. 
The ability of the obtained adsorbents to 

form chlorinated oligomers was assessed by the 

appearance of chlorhexane (band 850-650 in 

the IR spectrum) in the composition of gaseous 

reaction products formed by passing a gas mix-

ture - hydrogen or dried nitrogen containing 7-

8 g/m3 HCl, 10 g/m3 hexane, and 2.5 g/m3 hex-

ene-1, through 15 cm3 of the adsorbent at a 

rate of 20 L/h at 323–328 K for more than 200 

hours in a circulation mode. In addition, the 

changes in the IR spectrum of the adsorbents 

were considered before and after the passage of 

the specified model mixture in a cyclic mode. 

The obtaining a new Uz-AD-6 adsorbent 

was carried out in several stages, taking into 

account the uneven distribution and chemical 

properties of adsorbed substances in the spent 

Axstrap-860. Hydrogen and hydrocarbons in 

the composition of the gas being purified were 

weakly bound to the adsorbent material 

(mainly physical adsorption) and were easily 

displaced from its surface by polar HCl and 

H2O molecules during the adsorption process. 

Chemisorption, i.e. adsorption with the for-

mation of new chemical compounds proceeded 

while interacting with alkaline substances, and 

then with aluminum hydroxides in the compo-

sition of fresh Axstrap-860 (Figure 1, diffracto-

gram 3) according to reactions 1-4: 

 

NaOH.Н2О + HCl → NaCl + 2H2O (1) 

NaAlO2 + 4HCl → NaCl + 2H2O + AlCl3 (2) 

NaAlCO3(OH)2 + 4HCl → AlCl3 + NaCl  

 + CO2 + 3H2O    (3) 

AlOOH + 3HCl → AlCl3 + 2Н2О (4) 

 

The maximum concentration of sodium and 

aluminum chlorides was observed in the 

frontal layer of an industrial adsorber and 

gradually decreased until there was no AlCl3 at 

the outlet. Chlorides and hydroxochlorides of 

aluminum were formed during the interaction 

of boehmite in the composition of a fresh 

adsorbent with HCl, and NaCl with surface X-

ray amorphous sodium aluminates (Figure 1). 

The contact of the spent Axstrap-860 with 

water was accompanied by partial (15–20 

%mass) destruction of granules up to a 

powdery statedue to their hygroscopicity. 

Therefore, the spent adsorbent was first 

washed with water, the whole granules were 

separated on a sieve, they were dried and 

calcined at 700–710 K to remove AlCl3 residues 

and coke-like deposits [1] (Table 1). Then the 

calcined granules were impregnated with an 

alkaline solution containing 195 g/L NaOH and 

45 g/L KOH, taking into account the moisture 

absorption of 47-55 %mass, they were dried in 

air and put in a muffle furnace at a 

temperature not higher than 570 K. After 

settling the wash water suspension, a clear 

solution containing NaCl, chlorides and 

aluminum hydroxochlorides was separated by 

decantation. Then this solution was sent to 

separate the corresponding salts as useful by-

products - sodium and aluminum chlorides. 

Meanwhile, the sediment consisting of fine 

Figure 1. Diffraction patterns of samples at 

different stages of preparation of the modified 

adsorbent Uz-AD-6. (1)-spent Axstrap-860; (2)-

washed and dried Axstrap-860; (3) - fresh Ax-

strap-860; (4)-Uz-AD-6.    --Al2O3,   -Al10.66O16, 

   -NaCl,  -Al(OH)3,  -AlOOH,  --Al2O3, 

   -Na2CO3,  -NaAlCO3(OH)2, -NaOH.H2O, 

  -MgO,   -calcium chloride,   -magnesium chlo-

ride. 
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particles of -Al2O3 and Al(OH)3 in a mixture 

with crumbs of destroyed granules, and 

containing no more than 3% Cl−  mass, served 

as a raw material for obtaining 

pseudoboehmite. For this purpose, the sedi-

ment was dissolved in nitric acid with a density 

of 1.26–1.27 g/mL at a temperature of 360–365 

K. Then the aluminum nitrate solution was 

decanted into a vessel equipped with a stirrer 

after cooling. 

The deposition of aluminum monohydroxide 

was carried out with a 25 %mass. NH4OH   

solution maintaining pH of 7–7.5. The 

maturation of sediments, subsequent filtration 

and washing on a nutsch filter was carried out 

at a temperature of 290–295 K, and drying to a 

powdery state at 360 K. The -Al2О3 adsorbent 

was obtained by molding dried pseudoboehmite 

followed by calcining at 825 K  and this absor-

bent was intended for removing droplet 

moisture from wet process gases. Aluminum 

monohydroxide powder in the form of a gel-like 

pseudoboehmite with a crystal size of 20-30 Ǻ, 

was thoroughly mixed with magnesium oxide 

and water in an atomic ratio of Mg:Al = 1:2 for 

4-5 hours for destructive-epitaxial interaction 

in order to obtain a bidispersed magnesium-

aluminum spinel. As a result of the partial 

dissolution of poorly soluble reagents in water, 

there was a gradual formation of magnesium 

hydroxoaluminates witha pseudoboehmite 

morphology [38]. Then the mass was mixed 

again, evaporated to a consistency suitable for 

molding by extrusion into Raschig rings with a 

diameter of 152 mm. Having dried in air, the 

pellets were heated by raising the temperature 

in a muffle furnace at a rate of 20–30 K/h up to 

1440–1450 K with holding at this temperature 

for 5 hours. 

The NiO/MgAl2O4 catalyst was prepared by 

moisture absorption impregnation of magnesi-

um-aluminum spinel granules with a 58% 

aqueous solution of Ni(NO3)2.6H2O, the cata-

lyst after calcination at 873K contained 12 

%mass. NiO (0.26 M NiO / 1 M MgAl2O4). The 

acid reference catalyst obtained similarly by 

impregnation of -Al2O3 from fresh pseu-

doboehmite contained 0.19 M NiO/1 M -Al2O3. 

The activity of the catalysts was evaluated in a 

laboratory setup by the degree of hexane con-

version in a model mixture of hexane and wa-

ter vapors (Н2О:С = 3:1 mol/g-atom) in a heli-

um flow, and the selectivity by the amount of 

coke deposits. The process was carried out at a 

temperature of 773 K, at a pressure of 0.1 

MPa, a space velocity of 4 h−1 for liquid hydro-

carbon, and a hexane:helium ratio of 1:40. The 

composition of the model mixture and gaseous 

reaction products, as well as the chemisorption 

of hydrogen during the temperature-

programmed reduction of the samples, was de-

termined on a Chrom 5 chromatograph. 

 

3. Results and discussion 

In the process of optimizing the preparation 

conditions for Uz-AD-6 from the spent 

adsorbent Axstrap-860 (specific surface area - 

70–177 m2/g), the necessary and sufficient 

degree of removal of chlorine ions was 

revealed: from 5–20 %mass, Cl up to 1–2 

%mass, and residual chlorine after completion 

of the water treatment and calcination 

procedure. More than half of the chemisorbed 

substances remain in the test sample with a 

Figure 2. Photo of a cut of the spent adsorbent granules: on the left (top - the middle of the granule, 

below - the surface layer), the granule after washing with water and calcining in the center, and on the 

right - finished Uz-Ad-6. 
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washing time of less than 10 hours. However, 

treatment with water for more than 24 hours is 

accompanied by the formation of an excessive 

amount of a low-concentrated suspension that 

is not suitable for further processing. The 

concentration of residual chlorine identified 

after calcining the washed granules in the 

temperature range of 670–570 K was below 0.5 

%mass, and the specific surface area reached 

280-300 m2/g due to the sublimation of 

aluminum chloride and burnout of carbon 

deposits [1] (Table 1). A feature of the 

morphology of the studied samples is the 

formation of a relatively loose layer with a 

thickness of about 250 µm and a denser middle 

part (Figure 2, photo on the right). 

This phenomenon is explained by the 

expansion of pores and microcracks due to the 

extraction of the products of the interaction of 

chlorine-containing compounds from them with 

X-ray amorphous sodium aluminates and 

boehmite in the composition of the adsorbent. A 

powerful halo in the range of small angles 2θ = 

7.6°–7.82° (d = 11.6–11.3 Ǻ) witnesses the 

presence of surface sodium aluminates in fresh 

Axstrap-860. There are lines of 100% intensity 

of the phases NaAl11O17, NaAl7O11, NaAl5O8 

and NaAl3O6 (Figure 1, diffractogram 3). 

Weaker halos in the range of 2θ = 15.5°–16.6°, 

19.6°–26.8°, 31.0°–35.8°, 40.5°–45.9°, 57.9°–

63.0° and 66.0°–68.8° (d = 5.69–5.30, 4.5–3.3, 

2.88–2.5, 1.588–1.47 and 1.41–1.36 Ǻ) located 

between the intense lines of boehmite and they 

can be attributed to the manifestation of not 

only sodium polyaluminates, but also NaAlO2 

and 2NaAlO2.3Н2О. 

The solid crust covering the pore walls of the 

spent Axstrap-860 (Figure 2, bottom left photo; 

Table 1) consists of coarse crystalline NaCl (d = 

3.32, 2.88, 2.033, 1.66, 1.44, 1.284 and 1.17 Ǻ) 

and sometimes anhydrous AlCl3, weakly 

crystallized AlCl3
.6H2O (broad lines with d = 

6.0, 5.2, 3.89, 3.69, 3.29, 2.57, 2.3, and 2.05 Ǻ). 

An intense halo in the range of 2θ = 7.7–28° 

(Figure 1, diffractogram 1) indicates the 

presence of a mixture of several hydrolyzed 

forms of polynuclear hydroxo complexes of 

variable composition, which are expressed by 

the general formula [Al(OH)3-xCly]n,, where x 

varies within 0–3 [1].  

In the diffraction patterns of the heavily 

hardened Axstrap-860 (frontal layer), the AlCl3 

6H2O and AlCl3 lines appear very well, as well 

as in the one stripped off and dried aqueous ex-

tract both before and after separation of NaCl 

crystals. When heated to a temperature of 455 

K, the spent Axstrap-860, especially the dried 

aqueous extract, AlCl3 sublimates. According to 

the results of elemental analysis, the composi-

tion of the dry extract on average corresponds 

to the formula Al2(OH)5.2-5.0Cl1.0-0.8, i.e. it is 

close to the composition to aluminum pentahy-

droxochloride - a coagulant with the maximum 

coagulating ability among other aluminum hy-

droxochlorides. 

We can assume the presence of magnesium 

and calcium chlorides based on the results of 

computer processing of diffraction pattern 1 in 

Figure 1: CaCl2 –d = 4.49, 3.46, 3.05, 2.85, 2.33, 

2.24, 2.09, 1.9, 1.79, 1.68 Ǻ, CaCl26Н2О–d = 6.9 

12.8, 3.93, 3.41, 2.78, 2.58, 2.27, 2.16 Ǻ, MgCl2–

d = 5.9, 2.94, 2,55, 1.80 Ǻ, MgCl2 
.6Н2О–d = 

5.8, 4.10 Ǻ. Indications of the presence of 

magnesium and calcium compounds are also 

found in the diffractograms of fresh Axstrap-

860 (Figure 1, diffractogram 3). 

Complexometric titration with a solution of 

the sodium salt of ethylenediaminetetraacetic 

acid, first at pH 12-13 in the presence of mu-

rexide as an indicator, confirmed the presence 

of Ca2+ cations, and then at pH = 10 Mg2+ in 

the composition of fresh and used Axstrap-860. 

The presence of inclusions of calcium and mag-

nesium compounds in some samples was also 

recorded on a scanning electron microscope 

(Figure 2, Table 1). In the Axstrap-860 used, 

the content of Na and Cl in the surface layer of 

the granules was in the range of 4.3–5.4 and 

8.5–9.3% of the mass, respectively, and in the 

middle of the granules is slightly less: 2.9–3.3 

and 1.2–1.5% of the mass. 

In the process of alkaline modification, due 

to the presence of transport channels with a 

width of about 12 µm, which are clearly visible 

on the cut of the granule (Figure 2, photo in the 

center), the joint solution of sodium and potas-

sium hydroxides freely penetrated deep into 

the granules, purified from the bulk of sub-

stances (NaCl, AlCl3·xH2O and [Al(OH)3-xCly]n), 

which blocked the pores of the spent adsorbent. 

The specificity of the obtained adsorbent is the 

almost complete absence of the phase of alumi-

num monohydroxide, which is replaced by alu-

minum trihydroxide - gibbsite. When statisti-

cally processing the results of elemental analy-

sis of a series of Uz-AD-6 samples, the concen-

tration in the outer layer of granules was with-

in 6.5-9.2 Na% and 1-5 K%, and in the inner 

volume, respectively, 2.5-3.5 Na% and 0.5-0.7 - 

1.5 K% (Table 2). Based on the molar ratio of 

carbonate carbon and alkali metals in the com-

position of representative samples (10 g each), 

it was concluded that the amorphous phase of 

sodium aluminate Na7Al3O8 prevails over sodi-

um and potassium monoaluminates. The fin-

ished Uz-AD-6 contains water-soluble sodium 
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and/or potassium carbonates, in contrast to 

NaAlCO3 (OH)2 identified in fresh Axstrap-860. 

The presence of insoluble sodium carboalumi-

nate NaAlCO3(OH)2 was confirmed by the reac-

tion of CO2 release upon addition of hydrochlo-

ric acid solution to the adsorbent sample after 

preliminary removal of soluble sodium car-

bonates by aqueous extraction. Carbonate car-

bon in the composition of sodium, calcium and 

magnesium carbonates and/or carboaluminates 

was estimated by the amount of CO2 released 

during the interaction of a sample of the adsor-

bent composition with hydrochloric acid. 

In addition to 0-0.3% mass.  residual chlo-

rine, when viewed through an electron micro-

scope, point inclusions of corrosive iron are ob-

served, which cannot be removed by water and 

heat treatment. Calcium and magnesium rec-

orded in some areas indicate incomplete remov-

al of chlorides at the washing stage and / or the 

introduction of hardness salts with tap water.  

In general, during the complex processing of 

50 kg of spent Axstrap-860, 34.2 kg of a new 

Uz-AD-6 adsorbent were obtained, 2.4 kg of 

crystalline NaCl and 13.5 kg of dried aluminum 

hydroxychloride were isolated from the wash 

water, and 6.8 kg of aluminum hydroxide of 

pseudoboehmite modification was obtained 

from the insoluble residue of the suspension by 

reprecipitation. Our attempt to use aluminum 

hydroxide obtained as a by-product in the pro-

duction of the Uz-AD-6 adsorbent for the syn-

thesis of magnesium-aluminum spinel showed 

that freshly precipitated pseudoboehmite 

AlOOH stabilized by residual NH4
+, NO3

− ions 

and nitrohydroxocomplexes readily undergoes 

destructive epitaxial transformations AlOOH-

MgO-Н2О. 

In the IR spectra of the dried mass intended 

for the formation of Raschig rings, an intense 

band at 1390 cm−1, corresponding to nitrate 

ions, remains, along with the appearance of a 

series of bands indicating the formation of 

magnesium hydroxoaluminates: a narrow band 

at 420 cm−1 and a wide band with maxima at 

480 and 580 cm−1. That is, partial dissolution of 

MgO with the formation of Mg2+ and OH− ions, 

their subsequent adsorption on the surface of 

loose particles of less soluble AlOOH with a 

gradual rearrangement of its crystal lattice up 

to complete transformation into magnesium 

hydroxoaluminate. This follows from the disap-

pearance in the diffractogram of the resulting 

paste (Figure 3, diffractogram 1) of broad lines 

characteristic of weakly crystallized pseu-

doboehmite (d = 6.10, 3.16, 2.34, 1.86, 1.85, 

1.66 Ǻ) and narrower lines from the initial 

magnesium oxide (d = 2.43, 2.09, and 1.35), in-

stead of which a set of lines with (d = 8.03, 

7.61, 4.05, 4.01, 3.82, 2.614, 1.97, 1.515, and 

1.493 Ǻ) belonging to magnesium hydroxoalu-

minates is observed. Due to the epitaxial 

growth of new formations, the crystals of the 

newly formed phase have dimensions of the 

same order of magnitude as the AlOOH crys-

tals. Upon completion of the reactions in the 

AlOOH-MgO-Н2О system, a paste is formed 

from partially intergrown crystals of magnesi-

um hydroxyaluminates. After calcination, due 

to the removal of gaseous products, the size of 

the MgAl2O4 crystals becomes smaller, but 

their configuration is retained during dehydra-

tion. The morphological feature of the obtained 

spinel is the formation of grape-like particles 

with 1μm sizes, which determine its biporous 

structure and maintain high mechanical 

strength upon repeated heating to 1000 K and 

rapid cooling. A thermographic study revealed 

a complete disappearance of the exothermic ef-

fect at 543 K observed on the DTA curve of the 

synthesized pseudobemite due to the thermal 

decomposition of the incompletely washed am-

monium nitrate. In addition, a shift of the 

Figure 3. Diffraction patterns of (1) magnesium 

hydroxoaluminate, (2) MgAl2O4 , (3) 

MgAl2O4NaOH; after exposure to saturated 

vapors of a mixture of hydrochloric acid, tetra-

chlorethylene and hexene-1 of the samples: (4) 

MgAl2O4, (5) MgAl2O4–NaOH.    -MgAl2O4, 

    - m a g n e s i u m  h y d r o x o a l u m i n a t e s , 

     -magnesium carbonates, -sodium car-

bonates,  -bayerite,   -magnesium chlorides, 

     -chlorides aluminum,  -sodium chloride, 

   -sodium hydroxide. 
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stretched endothermic effect around 665 K was 

observed, characteristic of AlOOH dehydration 

with transition into -Al2O3 to the low-

temperature region, as well as the endothermic 

effect from the transformation of Mg(OH)2 into 

MgO at 855 K. Instead the following are ob-

served: a deep endo-effect at 400-408 K, and 

less intense endothermic effects at 620 and 795 

K accompanied by mass loss of 37, 20, and 4%, 

respectively. According to the TH curve, the de-

hydration processes of magnesium hydroxoalu-

minates end around 870 K with the formation 

of X-ray amorphous products. At the further 

rise in temperature up to 1440-1450 K the de-

gree of crystallinity increases and sintering of 

MgAl2O4 crystals begins. But as in the case of 

industrial pseudobemite [30], spinel particles 

obtained through destructive-epitaxial trans-

formations present open-worked formations, re-

sulting in high strength - 380-390 kg/cm2, bipo-

rous structure and specific surface area of 28-

32 m2/g. After calcination at 1450 K, the vol-

ume of micropores measuring 30-100 Ǻ was 

0.16 cm3/g, and the volume of macropores 

measuring 1000-30000 Ǻ was 0.26 cm3/g. 

In the diffractogram of the calcined sample, 

in contrast to the magnesium-aluminum spinel 

prepared by the same technology, but from in-

dustrial aluminum hydroxides with crystal siz-

es 50-75 Ǻ [30], only magnesium aluminate 

was identified. The crystal phase MgAl2O4 cor-

responded to lines with d = 4.657, 2.858, 2.453, 

2.31, 2.008, 1.637, 1.55, 1.424, 1.3606, 1.27, 

1.225, 1.162 and 1.1271 Ǻ. The most intensive 

lines with d = 3.48, 2.55, 2.08, 1.74 and 1.61 Ǻ, 

typical for α-Al2O3 and with d = 2.10, 1.485 and 

1.266 Ǻ, corresponding to MgO, were absent 

(Figure 3, diffractogram 2). Acidic centers with 

pKa ≤ +3.8 provoking coking were not identi-

fied on the spinel surface, the main centers 

with pKa about 9.3 prevailed, and also strong-

er main centers with pKa> +10.3 were found.  

The NiO/MgAl2O4 catalyst, similarly to the 

K-38 catalyst, contained nickel mainly in the 

form of a nonstoichiometric oxide – NiO1+x, 

which is capable of chemisorbing hydrogen at a 

temperature of 710-860 K with the formation 

of Ni°- centers, which largely determine the se-

lectivity of the steam conversion of hydrocar-

bons. MgAl2O4 and all adsorbents studied in 

the article did not chemisorb the hydrogen un-

der conditions of temperature-programmed re-

duction within the temperature range of 295-

970 K, only physical adsorption was observed. 

According to the results of testing the syn-

thesized NiO/MgAl2O4 catalyst under severe 

conditions similar to the testing of K-38 cata-

lyst, which allow predicting catalytic proper-

ties, it was shown that the degree of hexane 

conversion % with the formation of gaseous 

products (H2, CO, CO2, CH4) was at least 90% 

mass. in the model process of steam conversion 

of liquid hydrocarbons. Analysis of carbona-

ceous deposits revealed that the coke did not 

exceed 0.05 % mass, while the amount of coke 

reached 0.35 % mass on the NiO/-Al2O3 cata-

lyst of "acidic" nature.  

Besides, in order to reveal possibility of ap-

plication of magnesium-aluminum spinel as a 

protective (distributive) layer in adsorbers for 

gas purification from halide compounds in the 

presence of a lot of water vapor its modification 

by moisture absorption by 24 % sodium hydrox-

ide solution was carried out. From some dis-

placement of MgAl2O4 lines in the diffracto-

gram in Figure 3 we made an assumption 

Figure 4. Photo of the surface of the original MgAl2O4 pellet (left); modified with sodium hydroxide 

(center and right side). 
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about the introduction of Na+ ions into the crys-

tal lattice of the magnesium-aluminum spinel. 

Appearance of separate distinct lines with d = 

3.18, 3.053, 2.75, 2.64, 2.31, 2.2475, 1.954, 

1.861, 1.766, 1.7288, 1.632, 1. 586 Ǻ from crys-

talline phases that can be assigned to car-

bonates: Na2CO3, Na2CO3.7H2O, MgCO3.2H2O, 

Mg2(OH)2CO3.3H2O, and Mg5(CO3)4(OH)2.5H2O 

and halo in the low angle region with 2θ from 

5.8 to 18°, corresponding to the most intense 

lines of magnesium carbonates, also indicates 

the migration of Mg2+ ions into the liquid phase 

during modification with subsequent interac-

tion with atmospheric CO2. The above was con-

firmed by elemental analysis (Figure 4, Table 

3) by the appearance of carbon in the composi-

tion of some sections of MgAl2O4 modified with 

sodium hydroxide. Fluctuations in the amount 

of carbon in the composition of the studied sam-

ples, not correlated with the content of alkali 

and alkaline earth metals, can be explained by 

the variation in the amount of compounds 

formed and their uneven macro-distribution. 

Testing the type of surface centers revealed 

that 48% of pellets taken at random during ad-

sorption from benzene solution ionized phenol-

phthalein molecule and acquired bright crim-

son color, 37% were colored in a slightly pink 

color (pKa > + 9.3), and the rest remained 

white. In accordance with the study [36] about 

half of the alkali metal hydroxides in the pro-

cess of modification turned into a highly basic 

aluminate - Na7Al3O8 (pKa> + 9.3).  From them 

one third of granules, as well as their separate 

sites (Figure 4, spectra No 435-441), containing 

an admixture of unreacted NaOH were capable 

to ionize thymolphthalein molecule, getting 

blue color characteristic for the main form of 

this indicator (pKa> + 10.3).  Appearance of 

slightly pink coloring of the main form of ad-

sorbed phenolphthalein indicated formation of 

crystalline Na2CO3.2.5H2O (Figure 3, diffracto-

gram 3, Figure 4 spectra No 443-446, 448.) in 

addition to other sodium and potassium car-

bonates and monoaluminates with main cen-

ters of moderate strength (pKa ≈ 8.3-9.3).  

White coloration of granules after adsorption of 

phenolphthalein (pKa ≥ +8.3), indicated the 

formation of sodium polyaluminates with low 

mass ratio Na:Al, namely NaAl11O17, NaAl7O11 

and NaAl5O8 (Figure 4 spectra No 434, 442, 

447). The results of studies of adsorption prop-

erties of samples based on the used adsorbent 

Axstrap-860 and a by-product of its processing 

are shown in Table 4, which shows that the 

new adsorbent obtained by processing the used 

adsorbent in its adsorption characteristics is 

close to the fresh Axstrap-860, designed for gas 

purification from halide compounds. 

Under identical experimental conditions, 

adsorbents modified with alkali metal hydrox-

ides did not catalyze the formation of chlorinat-

ed hydrocarbons. In the IR spectrum of these 

samples, after the completion of the experi-

ment, an increase in the intensity of broad 

bands in the range of 3325−3000, 1643–1585, 

and 527–493 cm−1, characteristic for the initial 

adsorbents, was observed, and it is indicated 

the presence of adsorbed hydrocarbons, includ-

ing hexene along with the appearance of a se-

ries of new inflection points at 1175–1205, 

1055–1060, 980–960, 910–915, and 660–72 

cm−1. 

In contrast to them, already at the initial 

stage, on the -Al2O3 and MgAl2O4 adsorbents, 

the chemisorption of HCl was accompanied by 

a chemical reaction with aluminum oxide and 

by the formation of a strong Lewis acid - AlCl3. 

Sample 

Capacity of 

chloride* 

Absorbate capacity before a 

"breakthrough"; g/100 g 
 

8 g/m3 – HCl, 

2 g/m3 – С6Н12 

(Chloride-hexane) 

7 g/m3 

dry HCl 

7 g/m3 28 % 

hydrochloricacid 
7 g/m3 Н2О  

Uz-АD-6 15.4 (no) 11.6 24.8 9.8  

Axstrap-860 16.3 (none) 11.9 22.9 9.5  

MgAl2O4 9.2 (traces) 3.6 7.7 2.8  

MgAl2O4-NaOH 14.4 (none) 13.3 14.8 4.4  

-Al2O3 from pseudoboehmite 

transformation 
11.5 (yes) 9.3 17.4 5.6  

*g Cl /100 g in circulation mode at 335 K. 

Table 4. Dynamic adsorption capacity (g of adsorbate /100 g adsorbent) recorded after flowing through 

10 cm3 of adsorbent a mixture of nitrogen and model substances at a rate of 20 L/h at 300 K. 
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As a consequence, in the IR spectrum of the 

gaseous reaction products, in addition to the 

bands of the model mixture, weak bands ap-

peared within 850–550 cm−1, attributed to the 

formation of chlorhexane. Chlorinated oligo-

mers appeared only in the adsorbed state on 

the -Al2O3 surface in the form of a clear band 

at 1270–1300 cm−1.  

 

4. Conclusions 

The studies of the features of the change in 

the chemical and phase composition of the alu-

mina adsorbent, after the completion of the cy-

cle of its operation in the process of removing 

chlorine-containing impurities from technologi-

cal hydrogen, proved the expediency of its ther-

mochemical modification with alkali metal hy-

droxides. The formation of highly basic alumi-

nates of alkali metals and a satisfactory HCl 

adsorption capacity of the Uz-AD-6 adsorbent 

obtained by the complex processing of the used 

Axstrap-860 allow us to recommend it for reuse 

in the purification of hydrogen-containing gas 

at a naphtha reforming unit. Useful salts, in-

cluding a coagulant for the purification of tur-

bid water, were isolated from the liquid waste 

generated at the stage of removing chlorine-

containing compounds. Pseudoboehmite and an 

alumina adsorbent were obtained as a by-

product and this adsorbent is intended to re-

move droplet moisture from wet gases. The pos-

sibility of synthesis of magnesium-aluminum 

spinel resistant to thermal shock was found 

out, and it is suitable as a carrier for catalysts 

for steam conversion of hydrocarbons in accord-

ance with its other characteristics. 
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