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The alkyl derivatives of resorcinol (AR) obtained from the tar (phenolic)
water of oil shale processing, are a unique raw material for the chemical
industry. This is why their rational utilization is of great importance.

At present, the technology of obtaining and processing oil shale AR
(so-called water-soluble phenols) involves the following steps: (1) extrac-
tion of phenolic compounds from the averaged tar water, (2) rectifica-
tion of the extract obtained to narrow fractions, (3) separation of the
crystalline technical grade 5-methylresorcinol (5-MR) from the 280—295°C
fraction enriched in this compound, and (4) synthesis of chemical pro-
ducts from these crystals and narrow fractions.

Such a technology is rather far from being perfect; this applies espe-
cially to the extraction of AR from tar and other phenol waters with
isopropyl ether, butyl acetate or most frequently, their mixture. Rather
unwieldy is also another key stage of AR technology, batch vacuum
rectification of total water-soluble phenols. In this process the mixture
of AR is subjected to long high-temperature treatment. The resulting
condensation of phenolic compounds leads to a significant loss of AR.
The batch rectification itself is characterized by a high specific energy
consumption.

In this paper, the applicability of another system to processing AR
will be considered. It consists in two-stage (two-step) treatment of the
incoming phenolic water by the mixed extractant (mixture of butyl ace-
tate and isopropyl ether), both the stages having independent extractant
cycles. In the first stage the bulk of long-chain AR and monohydric phe-
nols is extracted from the water. In the second stage, the water is sub-
jected to exhaustive dephenolization and an extract with a high mass
fraction of 5-MR is obtained. The extract may be used as a raw material
for obtaining the technical grade 5-MR.

The idea of using two-stage extraction is not new. It is, hovewer, true
that in its initial shape the idea was to obtain the extract free of mono-
hydric phenols, but not the raw concentrate of 5-MR [1, 2].

Putting into practice the two-stage system is possible only if two water
dephenolization units with a capacity high enough enabling their series
connection are available. At present this condition has been fulfilled
at the “Polevkivikeemia” Production Association at Kohtla-Jéarve.

Separation of compounds by two-stage extraction

The idea of applying the two-stage system is based on the well-known
fact that partial Gibbs excess energies (GEF) of AR in water (W) and
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organic solvent (S) depend considerably on the structure of their mole-
cule. As a rule, the higher the number of carbon atoms in the substituents
of the aromatic ring and the nearer the substituents to the hydroxyl
groups, the greater the GE of AR in water. But in organic solvents, an
increase in the_alkylation degree of the resorcinol molecule leads to a
decrease in its GE. The partition coefficient of the compound i between S
and W (K;s,w)) is determined by the condition of equality of its chemical
potential in equilibrium phases, i. e. by the difference of GEin W (GEw)
and S (GEg):

RT In Ki(S/W) = RT In (xi(s)/x,-(w)) = RT In (Yi(W)/Yi(S)) = éﬁw) —_ G.F((ﬁ)i

where x — the mole fraction, y — the thermodynamic activity coefficient.

The lower the number of carbon atoms in the alkyl substituents and
the farther the substituents from the OH-groups in the aromatic ring
the lower the partition coefficients of the AR. Therefore the extraction
of 5-MR and, especially, resorcinol is less exhaustive than that of the
other AR present in oil shale tar water.

Taking one of the partitioning component j as a standard, the selecti-
vityfr (l)lf the extractant in relation to component i (B;;) may be expressed
as follows:

In By = In(Kis/w)/ Kics/w))= (Ghw) — Giw)) — (GEs — GEg). (2)

Let j be the less alkylated compound, e.g. 5-MR. Then

Glw) — Girw) > 0, 3)
GEs) — GEs) < 0, @

and
In ﬁij = 0 (5)

i. e. the extraction of compound i with organic solvent is, as a rule, more
exhaustive than that of j. However, in case of polar solvents

Gligim Gl ~ 0 (6)

and the selectivity in relation to long-chain AR is low.

Distribution of AR on countercurrent extraction (Stage I)

To estimate the selectivity in relation to individual compounds in Stage I
of the two-stage extraction balances of individual compounds in various
extraction conditions were established. The analytical forms of extraction
isotherms of the major components of AR published by the authors
earlier [3, 4] were used. The total concentration of phenols in the feed
(incoming water) Cy, temperature and number of theoretical stages
were fixed on a predetermined level (11 kg/m?®, 40 °C and 3, respectively).
The ratio of individual components of AR (except 5-MR) in the feed was
taken according to the average data of “Poélevkivikeemia” Production
Association. The mass fraction of 5-MR in the AR of the incoming water
(4 values from 0.25 to 0.40), the volume fraction of butyl acetate in the
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extractant (5 values from 0.3 to 1.0) and the residual concentration of AR
in water Cy; (4 values from 1.2 to 2.5 kg/m?®) were varied.

Using the methods described in [5, 6] the composition of AR in the
extract and raffinate phases and the extractant to water ratio, S/W,
required to achieve the design Cy; at all possible parameter value com-
binations were determined.

To establish the quantitative relation between the mass fraction of
5-MR in the AR of the raffinate of Stage I (y;) and process parameters
regression analysis of the results obtained (80 values of y; in all) was
carried out. It was found that y; is adequately (the multiple correlation
coefficient R = 0.987, standard deviation of the values of y; s = 0.0056)
described by the equation:

Y1 = bo + bix1 + baxs + bsx3(1 —x3) + bexs(1l —x4), @)

where x; — the mass fraction of 5-MR in the AR of the feed (incoming
water), xo — the ratio of AR concentration in the raffinate to that in the
feed phase, (x2 = Cy1/Cwo), x3 — the relative depth of extraction of
AR (x3 = x2/x1), x4 — the volume fraction of butyl acetate in the mixed
extractant, b, = 0.416 + 0.066, b, — 0.555 + 0.012, b, = 0.037 4 0.005,
bs = 0.152 + 0.016, bs = 0.010 -+ 0.012. !

The inclusion of additional terms, boxs and bsxs; in the regression
equation will not essentially improve the correlation, while the reliabi-
lity of regression coefficients is low.

Equation (7) demonstrates, that the 5-MR mass fraction in the AR
of the feed (incoming water) influence y; most. The influence of both
the ratio x3 = x2/x; and the composition of extractant x; is relatively
low. Maximum y, is observed when x3 = 0.50 and x; = 0.667 (Figs. 1
and 2).

Data about the extractant — water ratio required 2, (z, = S/W, m*/m?®)
were also. subjected to regression analysis. Thus it was established that
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Fig. 1. Mass fraction of 5-MR y; in the AR of the raffinate of Stage I
at x4 = 0.667. Mass fraction of 5-MR in the AR of the feed (x): I —
0.25, 2 — 0.30, 3 — 0.385, 4 — 0.40

Puc. 1. [lona 5-meTuapesopuuHa y; B (deHosax padunata I craguu

npu x4 = 0,667. ons 5-meTunpesopuuHa B (EHOJIAX HCXOTHOM
Bogel (x): I — 0,25, 2 — 0,30, 3 — 0,35, 4 — 0,40

Fig. 2. Mass fraction of 5-MR y; in the AR of the raffinate of Stage I
at x9/x; = 0.50. Designations of curves see in Fig. 1

Puc. 2. [lona 5-metunpesopuuHa Y; B deHonax padunara I cragum
upu x2/x; = 0,50. O603HaYeHHA KPUBEIX CM. B IIOANHUCH K puc. 1.
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Fig. 3. The extractant-water ratio required in Stage I z; (m®/m?®) at
x3/x; = 0.50. Designations of curves see in Fig. 1

Puc. 3. Pacxog skcrparenta B I cragum 21 (m°/m%) mpu xo/x; = 0.50.
O6o3HauyeHUusA KPUBBIX CM. B LIOAIHUCH K pHUC. 1

the dependence of 2; on the process parameters can be adequately
(R = 0.968, s = 0.0115) described by the equation

2, =bo+ bl;‘xl + b3x3 + baxs + bsx3(l — x3) + bexsa(l —x4), (8)

where bo = 0.468 + 0.019, b, = —0.227 4 0.027, b3 = —0.243 == 0.010,
by = —0.144 +-0.009, b5 = —0.252 4+ 0.039, bs = —0.098 + 0.025.

As in case of equation (7), the inclusion of an additional term, bsx;
in equation (8) will not essentially improve the correlation.
2; is strongly dependent.on x;, x3 and x; (Figs. 3—5).
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Fig. 4. The extractant-water ratio required in Stage I z; (m®/m?)
at x4 = 0.50. Designations of curves see in Fig. 1

Puc. 4. Pacxon sxcrparenta B I cragum z; (m°/m®) mpm x, = 0,50.
O6o3Ha4YeHUsT KPUBBIX CM. B IIOAIIKMCH K puc. 1
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Fig. 5. The extractant-water ratio required in Stage I z; (m’/m?) at
x4 = 0.667. Designations of curves see in Fig. 1

Puc. 5. Pacxox skcrparenta B I cragum z; (M°/m’) mpu x. = 0,667.
O6o3HaYeHUsA KPUBBIX CM. B IOANHCH K puc. 1

Increasing x3 and x; leads to an appropriate decrease in the extrac-
tant — water ratio. When x3 and x; are constant, an increase in x; is
also accompanied by a decrease in z;. On the face of it this appropriate-
ness may seem illogical. However, taking into account that increasing x,
while x3 is constant, means increasing the residual concentration of AR,
and such a relation between x; and 2; proves to be quite natural.

Even under optimum conditions of producing the AR of the raffinate
with a minimum 5-MR concentration of 70 9% the AR of the feed must
contain at least 35 % of this compound (Table). The yield of 5-MR (its
amount in the raffinate) is 35—37 9% of the total amount in the feed.

The extractant-water ratio required and composition of AR of the raffinate
of Stage I using 3 theoretical contacts and optimum extraction conditions
(xg/xl = 0.50, Xy — 0.667)

Pacxopn sxcrpareHTa u coctraB AP padmuara I ctraguu B ONTHMAJBHBIX yCJIOBHAX
akcrpakuuu, (xo/x, = 0,50, x; = 0,667, 3 TeopeTHYECKHX CTYIEHH)

Mass fraction of 5-MR in the AR of the feed

0.25 0.30 0.35 0.50
AR concentration in the
raffinate, kg/m® 1.375 1.650 1.925 2.200
The extractant-water ratio
required, m®/m®* 0.107 0.095 0.086 0.079
(0.109) (0.097) (0.086) (0.075)
Composition of AR, 9%:
resorcinol 17.5 14.6 12.4 10.6
2-methylresorcinol 2.4 2.2 2.0 1.8
4-methylresorcinol 3.5 3.2 3.0 2.7
5-methylresorcinol** 63.4 67.2 70.4 73.3
g (64.2) (66.9) (69.7) (72.5)
2,5-dimethylresorcinol 4.9 4.6 4.3 4.0
5-ethylresorcinol 3.3 3.2 3.1 3.0
4,5-dimethylresorcinol 4.2 4.2 4.1 3.9
2-methyl-5-ethylresorcinol 0.8 0.8 0.7 0.7
Yield of 5-MR in the raffinate,
9% of total amount in the feed  31.7 33.7 35.2 36.7

* in brackets — according to equation (8).
*#% in brackets — according to equation (7).
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The concentration of 5-MR in the extract of Stage II

The AR of the raffinate of Stage I contain resorcionol as the major
admixture. The extraction of this compound by organic extractants is
less exhaustive than that of the other AR. Therefore it is supposed that
5-MR is concentrated in the AR of the extract of Stage II (main pro-
duct), resorcinol — in the AR of the raffinate of Stage II (dephenolized
water).

To verify this assumption, the authors established a dependence of
the 5-MR mass fraction in the AR of the extract of the Stage II on
extraction conditions. Extraction using 3 theoretical stages of contact
at 40 °C was investigated. The concentration of AR in the raffmate of
Stage II (dephenolized water) Cy; was varied from 0.3 to 0.7 kg/m?.

The raffinates of Stage I obtained by using the extractant with
x4 = 0.50—0.85 were used as a feed for Stage II. Their content of AR
was 2.0—2.5 kg/m?®. From the viewpoint of achieving a maximum content
of 5-MR in the AR of the raffinate of Stage I these conditions are not
optimum, but still quite similar them. Using this feed in the Stage II
of extraction enables us to increase the yield of the desired product
without any substantial deterioration of its quality.

The results obtained 'demonstrate, that the mass fraction of 5-MR
in the AR of Stage II, y;;, depends mainly on the mass fraction of this
compound in the AR of the raffinate of Stage I (x1 = y;) used as a feed
in Stage II. When the AR concentratlon in the dephenolized water Cy,;
is varied from 0.3 to 0.7 kg/m?, the dependence of y,; on the ratio the AR
concentration in the feed to that in the raffinate X, (X; = Cy,;/Cy,) is
quite low.

X, is naturally determined by the conditions of extraction in the
Stage I, and for Stage II it cannot be chosen at will. Increasing X, leads
to an increase in y,;. Dependence of y;; on X; or X,/X, has no clearly
distinguished maximum. The regression equation adequately describing
the whole set of y;; values is as follows:

Y = —0.077(20.008) 4 1.158(+0.011)X; — 0.029(+0.04)X./X, (9)
(n = 144, R = 0.994, s = 0.005).

It should be pointed out, that the regression equation for y;; does not
include the term for the composition of the extractant of Stage II (the
volume fraction of butyl acetate), i.e. y;; does not practically depend
on this parameter. Such a conclusion is quite appropriate and is con-
firmed by separate processing of the data obtained at any fixed com-
position of the extractant.

The yield of the end product (AR of the extract of Stage II) and its
5-MR content depend considerably on the mass fraction of 5-MR in the
AR of the feed.

Mass fraction of 5-MR Mass fraction of 5-MR The product yield,
in the AR of the feed in the product kg/m? of incoming
(incoming water) water

0.25 0.62—0.66 0.7—1.1

0.30 0.66—0.70 1.0—1.4

0.35 0.70—0.74 1.2—1.6

0.40 0.74—0.77 1.5—1.9

The results obtained demonstrate that the two-stage extraction allows.
us in principle to obtain the extract of Stage II containing 5-MR 70 %
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and more. However, to evaluate the prospects of the system, the testing
of the technology of standard technical grade 5-MR on the basis of
this raw product, especially its purification from coloured substances,
is necessary.

Conclusions

1. An improved system for dephenolization of Kukersite oil shale tar
water has been studied. This consists in the two-stage treatment of the
incoming water by the mixed extractant, both the stages having inde-
pendent cycles of extractant. In the Stage I, the bulk of the mono-
hydric phenols and long-chain resorcinols is extracted from water. In
the Stage II water is subjected to exhaustive dephenolization and the
resorcinol-series phenols of the extract enriched in 5-methylresorcinol
are obtained.

2. A dependence of the extractant — water ratio required to achieve
the design residual concentration of AR in water and the mass fraction
of 5-MR in the AR of the raffinate of Stage I on the composition of
AR in the feed (incoming water), the composition of the mixed extractant
and the relative depth of AR extraction has been established.

3..It has been found that in industrial conditions the main product with
a 5-MR content of 70 % or more can be obtained.

PE3IOME

B craThe paccMaTpUBAETCH BO3MOYKHOCTH HCIIOJIB30BAHHUS YCOBEDPIIEHCTBOBAaHHOM
cXeMBl M3BJEUEHUS AJKUIPe30pIuHOB (AP) u3 ClIaHIEBBIX CMOJIBHBIX ((heHOJb-
HBIX) BoZ. OHa 3aKJI04aeTcs B ABYXCTaLUMHOM 00paGoTke MCXOZHON (eHOIBHOH
BOJABLI CMELIAHHBIM HKCTPAreHToOM (cMechbio OyTHiameraTa ¥ IUHM3OIPOIIUJIOBOTO
adupa), npudem obe cTagUNM UMEIOT CAaMOCTOSATEIbHbIe LIUKJIbI SKCTpareH€Ta. B mep-
BOHl CTagMU M3 BOJALI U3BJIEKAETCA OCHOBHAS dYacCTh AJUHHOIENOYedHBIX AP u
OZHOATOMHEIX (heHOJI0B. PeHOJbI, He YKCTPArHPOBaHHEIE B IIePBOH cTaguu, obora-
LIAOTCS Pe30PUMHOM U S-meruspedopuuaoM (5-MP). Bo BTOpo# cTazuu IIPOBOAAT
HMCYEePIBIBAIOIYI0 Ae(eHOIANUI0 BOABI, U IOJYyYaloT DKCTPAKT C BBICOKMM COZEp-
sxaHueM 5-MP. 9TOT sKCTpaKT HaMedaeTCs HCIOJb30BAaTh KaK ChIpbe AJIA IIOJIY-
yeHUs KoHIleHTpaTa 5-MP.

Wpest WCIONB30BAHUS ABYXCTAZUMHON CXeMBI OCHOBBIBAETCS HA M3BECTHOM
daxrTe, uTO mMapuuaNbHbIe U3OBITOUHBIe sHepruu I'm66ca (GZ) AP B Bome (W) m
OpraHM4ecKoM pacTBopuTesie (S) CyIIeCTBEHHO 3aBHCAT OT CTPOEHHS MX MOJe-
Kyabl. Yem 6oJibllle aTOMOB yIJjiepoja B 3aMECTUTENSIX apoOMaTHYECKOro sjapa H
yeM OJHIKe 3aMECTHTENH PACIOJIOMXEeHbl K TMAPOKCHUJIBHBIM TPyIIaM, TeM 0oJjblle
GE AP B Boje. B opraHHYeCcKHUX ke DACTBODHUTENSAX MOBBIIIEHHE CTETIEHU AJTKUJIH-
POBAHUS MOJIEKYJbl pEe30pPIMHA IIPUBOJUT K yMeHbIleHuno ero GPE. Iloatomy
5-MP u, ocoGeHHO, Pe30pPIUH SKCTPArupyeTcs Xyske ocTanbHbIX AP, comepixa-
IIUXCS B CJIAQHIEBON CMOJIBHOHM BOJeE. g

11 OLEHKH CEJIeKTUBHOCTH SKCTpakuuu B I cragmu mpoliecca NMPU Pa3JTUYHBIX
KOMOMHAIIUAX I[TapaMeTpPoB Ipolecca (maccoBas moia 5-MP B deHomax IocCTy-
marooineit Boxbl, o0BeMHas oJs GyTHIameTaTa B SKCTPareHTe, OCTATOYHAS KOH-
LeHTpauusi (heHOJIOB B BOJE) OIpPeAessiu 6ajlaHCHl OTHEeNbHBIX COEJUHEHUH U
pacxXof 9KCTpareHTa JaHHOT'O COCTaBa, HEOOXOAMMBINH AJIsi JOCTHIKEHUS 3aJaHHOM
OCTATOYHON KOHI[EHTpaluuu B, Boge. IIpu (DUKCHPOBAHHBIX CYMMAapHONW KOHIIEHT-
panuu (eHOJIOB B HMCXOLHOW BOJe, TeMIlepaType U YHCJIe TEeOPETHYECKHUX CTyIIe-
Hell KoHTakTa (coorBecTBeHHO 11 Kr/m°, 40 °C M 3 TeOpeTHUYECKHUX CTYIIEHH) Mac-
coBaa gona 5-MP B denonax padpunara I crymeHu (y; yZOBJIETBOPHTENBHO OIIM-
CBIBaeTCH C MOMOIILIO perpeccuBHOro ypaBHeHus (7) (x; — maccoBasi monsa 5-MP
B (¢eHOJIaX IIOCTYHAIOUIed BOABI, X2 — COOTHOLIEHHWE OCTATOUHOM M HCXOJHOM
KOHI[EHTpaIuii (DeHOJIOB B BOJE, X3 — X»2/X|, Xy — oObeMHas noJs OyTHJIaleTaTa
B BKCTpareHTe).
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Ha y; sauGoJsibliee BiausiHMe uMeeT X;. BkiiodyeHue B ypaBHeHnue (7) ZomosHH-
TeJIbHOI'0 uJieHa boXs He IPUBOAUT K CKOJBKO-HUOYABL CYILIECTBEHHOMY yJydIlle-
HUIO Koppeasinuu. MakcumyMm Yy, HabGaiomaerca npu x3 = 0,50 u x4 = 0,667,
HO BJIHUSHHE 00OMX 3THUX ITapaMeTPOB OTHOCUTEJNHLHO HEBEJIUKO (PUCYHKHU 1 u 2).

3aBHCHMOCTh OTHOCHTEJIBHOI'O PacxXofa SKCTpareHTa, Heo6XoAMMOro A8 KoCTH-
JKeHHA 3aJaHHOH OCTATOYHONW KOHIIEHTpanuu (eHoJoB B Boje (21, M/ M’ Bogsl),
OT IMapaMeTPOB IIPoliecca OMUCHIBAETCS € IIOMOIIBIO ypaBHeHUd (8). 21 CyIeCTBEHHO
3aBUCHT OT X, X3 U X4 (pucyHKu 3—05).

Ons monydenusi ¢eHosoB pacduuHaTta ¢ copepxkanHuem 5-MP ne menee 70 9
CcoiepIKaHUe 3TOr0 COEJUHEHHsS B (DeHOJIaX HCXOJHOM BOXBI JOJIKHO OBITH Kak
MUHUMYM nopsifka 35 9%, (rabmuma). IIpu stom BeIXOon 5-MP (kosmuecTBO €ro
B ¢eHosax padunHaTa) cocraBiser 35—37 % OT ero KosiMyecTBa B IIOCTYIAOIIei
BOJE.

®enonbl sKcTpakTa Il cTymenm (umeseBoi IIPOAYKT) JOIOJHUTENIBHO obora-
LIAOTCS 5-MeTHIPe3opIuHOM, deHoabl padunara II craguu (medeHoIMPOBAaHHOK
BoAbl) — pesopuuHoM. Honss 5-MP B denonax skcrpaxra II craguu yi; 3aBUCHUT
B OCHOBHOM OT ero foJju B (eHosax pacdunara I craguu, mocrymnaromiero B II cra-
guio X (X, = y1). HaGop BeIMYMH yi; OIUCHIBAETCS C IIOMOUIBIO ypaBHeHus (9).

BrIX0oJ, IIeJIeBOTO MPOAYKTa U Aoy B HeM 5-MP cymiecTBeHHO 3aBHCHUT OT KOH-
IeHTpallM¥ STOr0 COeAUWHEeHUs B (eHOJIaX HCXOAHOM Boxbl. B ycinoBusx mporiecca,
peasbHBIX [JIs OCYIIECTBJIEHUS B NPOMBIIIJIEHHOCTH, BBIXOJ IIeJIeBOr0 IPOAYKTa
MOYKHO OLIEHUTH CJIEAYIOIIMM 00pas3oMm:

Ionsa 5-MP B peHonax Ionsa 5-MP B uenoBom BrIxXoz 1IesIeBOro IIpo-
HMCXOJHOM BOJBI NIPOAYKTE AyKTa, KI'/M° BOJBI
0,25 0,62—0,66 0,7—1,1

0,30 0,66—0,70 1,0—1,4

0,35 0,70—0,74 1,2—1,6

0,40 0,74—0,77 1,5—1,9

Il OKOHUYATEJHHON OLEHKH IEePCIEKTUBHOCTA CXeMbl [ABYXCTaJUWHON B3KCT-
PakKIUy HEOOXOAWMO MCIBITATH TEXHOJOTHIO IIOJIyYeHHS U3 3TOrO CHIPOTO 3JKCT-
pakra II craguu KoHAULMOHHOTO 5-MP TeXHHUYECKOH YHMCTOTHI, 0COOEHHO OUHUCTKY
ero OT OKpallIeHHBIX BEIIEeCTB.
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