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I. INTRODUCTION 

Methods tor the preperation ot active carbons trom many kinda 

ot carbonaceous material have been described in the literatUl"e. 

,Many procesaes ot activation _foz· many di:f'terw.t raw materials are 

used to obtain active carbons tor epecific purpoees. In general, 

all ot these process.ea involve a low tempe:ratura carbonization ot 

the raw material :followed by a slow, controlled oxidation ot the 

carbonized product. A high temperature of carbonization (above 

Goo0 c.) results in a product which ia not active and caQot be 

activated. 

Any seleot1o:n ot a process or raw matSJ"ie.l must 'be baaed on 

a knowledge ot the ultimate use of the ;product as well as on. eco-

nomic considerations. Certain physical properties are des~rablt 

for certain uses iu addition to the general property of being ad-

aorbent to foreign molecules. A p.Q adsorbent carbon should be 

dense with a rather small pore size; while liquid adsorbent 

carbons should ba less dense, not triable, easily filterable from 

solutions, and have a larger pore size than the gas adsorbent type 

of carbon. 

In 1'1ew ot the low yield obtained in iUlY process of activa-

tion, a cheap and plentiful raw material would be advantageous. 

Coal is such a raw material and active carbons have been prepared 

tAnd used to a limited extent from coals. It has been reported 

that an initial chlorination of a geologically young coal betore 



its carbonization results in a high yield of a good active carbon. 

The existence of large deposits of ruch a. coal in the Piedmont 

section of Virginia and North Carolina whieli has not been exploit-

ed to any great extent, because it is not suitable as a tuel, 

seems to warrant a tu.rther investigation of this chlorination 

process with an idea of it$ possible economic use in the prepara-

tion ot an active carbon. 

The purpose of this investigation ie the prepa.1,•ation of G 

liquid adsorbent active carbon frolll a high volatile Midlothian 

coal by a process of chlorination foll6.wed by carbonization and 

steam activation. 



lI. LITERATURE HfflEW 

Blstog. (20} The ability ot activated charcoal to remove 

C()lor from solutions was knon as early- as thett'itteenth century. 

Thia property was apparently forgotten, until in 1785 Lowitz ueod 

it in the p~oduction of tartaric acid crystals, although Scheele 

!lD.d Fontena reported the adsorption ot ~ees by eha.rcoal 111 177'1. 

The uae or cl:uu·~~~l in the clariticatiori of sugar t!olution.s was 

first reported in 1794 by Lippman and later by Gu.illon in 1805. 

In 1811, i'iguier demonstrated tba.t bona char wae superior, in de-

eolo1·izing properties, to charcoal and this material was put into 

use ill the eaugar industry by Derosne ill 1812. Originally the char 

wall discarded arter use, but soon after its introduction Dumont 

and Schatt en suggested that 1 t could be regenerated and reused. In 

1854, Shenstone in.vented a respirator 1'1 lled with an aoti ve carbon 

to be worn in hoapital~ for protection against cholera and other 

contagious di1e1:ules. Early in the nineteenth century 01·a.haxn, 

Weppon, Lazowski, Percy, and Boaa reported the precipitation ot 
JJJ8tallic niaterials Qn charcoal from $0lui1ona. D\U"ing the first 

world War the utilization ot active carbon in gas masks •s begun. 

on a large sea.le. Since 1918 tbe unique properties ot active 

carbon have made the material an important in<lustrial "1th a. widt 

fiel<l of applioation. 

Uses ot Active Carbon. Activated carbons are widely used com-

mercially and these uses are &3nerally di Vided into two classes: 

gas adsorbent types and liqµid adsorbent types. Gregory ( '7) baa 



listed some ot the uses ot active carbon. aa follows: solvent re-

covery, natural gasolene recovery :from natural ges, benzene re covary 

:from manufactured gases., removal of odors and harmful ge.ses from 

air, decolorizing of .solutions, catalysts, ga.s-:maak-canniste:r· f111--

1ng, production of high vacuums, medical remedies, 8lld as a germi-

cide. Many ap~cific uses mey be found under the general headings 

above. Chaney<4) has pointed out five fields of use f'or gas adsor-

bent chars: recovery ot gases and solvent vapors in di lute concen-

trations, purification of gases, catalysis of gas and ve:por phase 

reactions, storage of oom:Presaed gases, and evacuation ot ves1:Sls. 

A partial list of uses tor liquid adsorbent carbons includes the 

following: clarification ot solutions, purification of organic and 

inorganic acids, purifica.tion of organic liquids, decolor1zation of 

waxes, glues, and gelatines, removal of objectionable odors and 

colors from edible oils end fats, decolor1zation end purification 

or petroleum oils, water purification, recovery of rare :metals from 

dilute solutions, recovery of alkaloids from solutions, and uses 

in pharmaceutical prepe.rationa. 

The Nature of Activated Carbon. Gregory( 7 } has defined active 

carbon as a more or less pure form. ot carbon characterized by a hl.gh 

adsorptive capacity for foreign molecules. This adsorptive power 

is due to the chemical nature of the carbon atom with its attendant 

free valences and partly to the capillary structure of the charcoal 

whioh presents an enormous adsorbing surtace. Othe:r factors such 



aa oondansa.Uon of ge.sas and vapors 1n the capillaries, solid ao-

lution and Chemical eombination also attr1bUte to its adsorptive 

po,rer. Activated charcoals cover a Vii.de range of adsorptive power 

tor Tari ous foreign molecules. depending pril!llrily UpQn the size 

of the capillaries and the size and chemical properties or the 

molecules to be ad$orbe4. Adsor;pti on baJ been deti ne d by Glasstone ( 6} 

aa ·the high.er concentration of any particular material on the su.r-

fe.ct o:r a liqu.:i.d or solid phase than i a present in the bulk ot tlle 

solution. 

Ke.ndillaro•(l.5) llas stated that the inoreafSed activity ot 

active carbon is due to a higher energy potential. This energy 

potential is dec~eaaed by a decrease in the aat1ve surfaot avail-

able at very high temperatures, the graph1.t1o 8J.'l,"8D.gament of carbon 

atoms in a crystal lattice at high temperatures, and by saturation 

at the active carbon atoms hy the adsorbed molecules. The adsorpti•e 

properties of active 08l'bon are bel1eved(l 9) to be due to the same 

fundamental fonn of carbon regardless of the source. The active 

form of carbon represents an unorganized or less complex oontigu~ 

ration ot tree carbon which is gained by a low tampere.ture ( below 

600°0.) cerbonize.tion; while ~•~.:,.'bon set tree at higher temperature• 

assumes a stable Brl'8.D8em&nt due to the greater energy conditions 

existing at the moment of deposi Uon and this fonn. ia inscti ve as 

an adsorbent. 

The adsorptive pow$r ot active carbon was eal'ly( 9) attributed 
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to Hs large eurtace aroa alone but this theory was proved inade-

quate. Later when differences were found in the activity of sepa-

rate carbons all amol•phous carbons wera c1•edi ted with activity 

which was :more or less masked by- adsorbed hydrocarbons produced 

by thermal cracking dlll"ing tl'Le carbonization. of the carbonaceous 

raw .material. It is now believed( 9) that active carbon surfaces 

are a mosaic of active pate.hes and the specific attractive power 

of these active patches depends upori th$ conditions of activation. 

Ray t25} has ~tated that the ad s::1rpt ive power ot an active carbon 

is a function ot the ao·ti ve surtaea available. This active sur-

face is partly- in the capillaries throughout the carbon. 

It he.s been pointed out by Chan.ey and .hia co-workers< 4 } that 

the direct product of' low tem:i;e:rature carbonization is not active 

and to develop the properties of active carbon, the carbonization 

product must be subjected to spacial :processas. The development 

of these p:rope;i:.'ties in 8.llY ca:rbon is termed "activation". It is 

thought(lS) to be impossible to devalop any two of tha special 

properUes such as decolorizing e:tfeot, gas adsol'ption, or cata-

lytic effect in the same char at the se."ne time. 'I'his difference 

in active carbons seems to be one of stI'ucture rather than a. differ-

ence in tha a.cti ve complex itself, 

Hassler(lO} has stated that active carbon ia not a chemical 

entity such as sw.ium ohlor ide, but tha:G the term applies to a. 

whole class of m.>.'bstances. In industrial use, a major division 
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1e ma.de betwaen carbQns olaasad as ge.s adsorbent and carbons 

classed aa liquid adsorbent. This ¢lessit'i cation :1 s based on 

differences in p.byeioal properties though it is true that eo~ 

good gas adsorbent charB axe ot no uae whataoevor aa liquid ad--

sorbent carbons. Theae di:f't'erence:s have been attributed. to 

smaller pore and cap1lla:ry size in tho gas adsorbent type. How ... 

ev,~, other factors au.ch as the influence of a solvent, electric 

charge on the partiele 'being adsorbed, and the pH of the solution 

are involved. For example, Chall.ey(4} b.Els pointed out that th.e 
' ' 

decolorizing power of a carbon tor auger solutions ia increased 

wen the solution is made acid. '. 

According to Ch~ey( 4 ) the selection of au e.cti ve carbon for 

decolorizing and taste removing is usually based on desirable 

ph;ysioc.l _prope1:tiee. The carbon must be e. porous material tra ... 

versed by relatively large poros due to the large size of the 

particles to be adsol'bed. SUch a cha.r will be of low :relative 

deruJity. The carbon should possess a det'i:ni te structure ao that 

it will not powder or ttslime" thus making it difficult to tilter 

from solutions. '11he V'iscosity ot the solvent is important 1n 

that the rate of adsorption is a function of the diffusion ve-

locity, thorefore, tor viscous solutions the· carbon should be 

finely divided to increase the rate of adsQrption, possibly at 

the sacrifice of high adL"Jorpti ve oapacity. Speoial properties 

are sometimes desirable such as a oarbon free from aoid .soluble 
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asll tor U$e in the ~urification or acids. 

Re.w V.aterials. Hassler< U) has reported the.t ~cti ve.ted car-

l)ons o~n be prepared trom any carbonaceous material, although con-

siderable difference will be found .in the ability ot various raw 

materials to 1·espond to act1vat1o~.' Chaney(4 ) ha~ demonstrated 

that the carbon t'Qnned by the:cmal .decomposition ot carbonaceoue 

me.t~r1al$ may exj.1;,1.t in two to:c-ms, one acti-ve, and the other in-

active and incapable o:t activation. 'mle ten,perature ot the car-

bonization seems to be the eoutrolling factor, those carbons being 

deposited bel,ow 600° to 600°c. being ·ot the active type while tho41e 

d.eposi'ted at higb,er temperat\lres are of the ot,her ty-pe~ 

,H.assler(ll) has stated that :l.n sel~cti:ng a raw material s.ome 

oonaidere.t.ion must be given to the ult1111ate. uae ot the product. 

This eeieotion is based on the deai:ted or .na~essary phye,icaJ. p,:,op-
, 

erties of the product. Thue., a dense ;raw material, such as coconut 

shells, ia used to prepare gas adsorbent carbons; while a leas 

dense material to u$ed :ln tne preparation of l1,1Uid adeorbent carbons. 

Prepa~ation. of. Aoti?e Car'b,ona. In. gen~ra1<25> the pr~paratiOI!-

of act1've earl.>on~.ie d<,?ne 1n two stepe 1 i.e. the cerbonaceoua mater-

ial, is subjected to a th,a;r.mal decomposition (ca:rbonizat.ion} tollo• .. 

ed by some. typa of e.cti vation P?'OCesa These ·two stel)s may be done 

simultaneoualy(l 5) or they mey be done in two separate stapaO:I), 

wi.th the latter method ths:t most generally used. 

Chaney(4 ) has. ~eaisnated tl1e twQ types ot carbon deposited at 



4ii'1'erent temperatures as alpha ca:rbon (active) and beta carbo:n {111-

acti ve}. The appe.rent lnacti vi't;f of car bona de:posi ted at low car-

'boni zati on tampF.:ratu:res is explained by the :fact that the hydro-

oe:/bpns evolved during tl1e carbonization period a.re adsorbed on 

the active carbon, thus saturating the active centers. This mix-

• tux'e of the alpha carbon and the adsorbed hydrocarbons before acti---

va.tion has bean ts.rmed ".P:rimar:r carbon". • 

The activation procasG con.si~ts ot a treatment ot the primary 

carbon by lleat, o:icidizing agents, dehydrating aeents, or solvents. 

This troetment serves to remove the adsorbed llydrocarboli.s from the 

active su.rtace, to :ru.pt\ll'e thH carbon-to ... o.arbon linkages to pro-

duce free valences, and to inc:r~ase the porosity· of the product. 

Tb.a most widely used method of activation. involves th~ use ot 

gaseous o:ddizing agents. Ob.ane;r(-4) has temed tbis :p1'ooess ae 

"ditterential" end ''limited" oxidation. 'l'he prino;iple of sueh ae-

lectiv<,; oher:u.Qal attack deriends upon the sligb:tly greater su::.cepti-

D.ili ty to oxid~tion of the hyd;coca:rbo.ns in the adsorption complex 

than of the aetive carbon itself. By adjustment ot the temperature 

and concentration ot tha oxidizine; a.gent the adso.t.'bed hydrocarbons 

may be removed trom the aur:t'sce of the a.otive carbon effectively 

and the formation ot inactive carbe11 rflB.Y be reduced to m1nilllUlll~ 

The use ot steam as u ondiZill8 agent resuJ..,t,5 in an endo-

thermic reactio.11 w1 tb its :resul:Ung ease of eol!trol. Mute11(Bl,) 

has stated that the bes1;, condition :ro:t• stearo. activation is a steam 
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temperature of 900°c. The use ~f' ca:tbon dionde or air as ox1d1z-

1ng asent.s results in an exothermic reaction which. due to diffi-. 

oulty of cou:\:~ol, results 1n a large loss or primary carbon an.d in 

a les•ei- surfa,oe area~ C.ll.loriu:e ( 2) aets as a mild oxidizing agent 

removing the adso:r;pt1on comp.lex but not npturing the earbon-to ... 

¢f>.rbon bonds. 

Several invest1gntors< 17 ,l,l5) have poi:uted 0ut that the ad-

dition of chemical ad.di tives before carbonization may pro111ote the 

activity of the resulting ca:rbc.n. The aotion3 of these ado.i:tivea 

have been divided into th1~e .sroups: 

l. Tho~e that act ae dehydrating .ag¢nts causing the 

decompos1tio~ products to be evolved a~ wr:tter. 

Incl:u.ded. in thi 8 e:roup are zinc chloride., :mag-

nesium chloride. sul:f'U.ric acid,. a.nd phosphoric 

acid. AlekaeGvskii (l) has stated, howeve1·, that 

zinc chlor.!de acts as a catalyst .tor the l'Yrolyais 

ot the deactivatjng aubstauoes, thus decomposing 

2. IJ.1hose th~t provide a cellular tramework for the 

deposition of primary carbon, prota9ting it from 

the cracked p~oduct~ of pyrolysis, and when dis-

solved out leaves a porous mass ot active carbon. 

Bonechar owes its ettectivenese to this type ot 

-substance and :rem.1lt1ng (>tructure. • Among these 
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materials are calcium. and sodium carbonates, sul-

. rates, and silicates. 

3. Those that have a che1n:I.cal action on the products 

of decom.positio:n, rend$rine; the,a soluble or al-

lowing ·ther: to escape freely. Pott';lS$iUm and sodi .. 

uni hydroxid.os are of this type. 

In aome eases< 4 ,l&) solvents have been used t_o remove the 

adsorption complex from the primary carbon. Ch0.L1ey(4) has 

.,tated that th!$ mathod is not used commercially due to the 

expense, and also to the faqt that. the pol'os:ltJr amt density 

of the final :product Cl.ll'lnQt be controlled. The problem ot 

elimination of t:he solvent is also .!3e:d.ou,e. 

I~valuation of the ., .. ctive Product. Many testing :methods{22) 

h~xve been developed in an attempt to obtain a stande-rd method 

by which any oo.rbon me.:r b·;i ovalua ted. B'.owever, the so-called 

stend~rd methods of evaluation are ot l1 ttlo practical valua. 

Haesler(l 2) has pointed out that the :most effective method of 

testing, is by testing th~ actual carbon under conditions 

identical or parallel to the cont~r1_plated use" 

The amount of adl3or~tion(2 3) by an active carbon varies 

with the, extent of the surface area. The change produced by 

g,l'inding the char is small due co the trernenllous surface area 

already available. Chaney<4) has pointed out that the ap~ 

parent density of the cha~ is an indication ot the available 

surrace area. 



Ha.ssler< 12} has stated that many fe.ctors are involved :in 

evaluating a ehar. The adsorption will vary witb the pii or the 

char, the adsorption of the solve~it itself, the viscoai ty, temp ... 

er&ture, and ooncant:ration of the solution. na_ssler< 12l ha$ 

recommended that 'the iodi,ne adaor,P.tiou test 'be used to incUcate 

tha colo:r and odor· :removing propeJ:>liiee of a. char, a.nu the 

pota.ss:1.Ut'!l. _peimaneanate adsorption teat be useo. to indicate i ta 

colloid removing ability. 

Chlo:rination of Coal. Only a small amount o:f wo:rkl3} has 

been done oa the chloi·i.uation or coel -with t;he aim o! :pre_pal'.'i.ng 

valu~ble _products t'rom the process. l\:ost o:t the li te.r;'a.ture on 

this subject deals w1 th tha value ot the halogens as an a.na.-

lytioal tool tor the study of eoal. 

Weiler< 27 ) subjected coal to a drastic ehloriua.tio.n process, 

using chlorine and antimony ;penta.chlcride for six de.ye at 200°c. 

wid for four clay$ at 4Co0c. 'l1he product a obtained as ·volatile 

,Products were tetrachloride, he:xachloroethane, hexachloro-

benzem,, and other highly chlo1'in€.ted hydroc€lrbon derivatives. 

Under thie treatment on.ly five pe:.i:· eeni of the carbori o.:dginally 

p1·11sent in the coal we.s evolved e,£; volatile products. hlcCulloch 

and Eccl~~(lS} hav~ repol'teu that the chlorination ot coal in-

creased the amount or mateiial ex1,ractable with au.ch eolvents as 

The amount of material e:xtractab1.e Viil.:risu ~ith tb.e t~pe of eoal 



-13-

being treated. Generally speaking, geologically old coals, auch 

as anthracite, are not sui•t;able :for chlorination. 

McCulloch(lS) has reported that the chlorination is achiev-

ed ei the1· by the action or chlorine gas on finely powdered coal 

or by placing the coal in suspension in a liquid medium, either 

aqueous or otheri'Jise, and the chlorine gas diffused through such 

a medium, or th.a chlorine pi-oduced by- a suitable rea.ction in tlle 

medium. The chlorimi.tion is carried out at s temp<.~rature of about 

10°c. .Boyk{S) chlorinated 4-20 mesh coal at higher temper·atures 

(25-230°0.) in a nickel vessel witb. gaseous chlorine, and Ochi (24 ) 

has reported chlorinating coal by treating one part of powdered 

ooal with four :parts of saturated chlorine water solution at 

25°c. 

McCulloeh(lS} has reportsd that a highly adsorbent carbon 

was obtained by carbonizing the solvent extracted residue of the 

chlorinated coal. Boy.k(3 ) has stated that an excellent gas ad-

soz·bent carbon was obtained by Cllrbonizing the chlorinated coal 

at 500°c. for one hour followed by a ;!)team activation of the 

c:ai-bonized product. 'l'he steam carbonization was carried out 

at a temperature of eoo0 o. ror a period of one hour. Ochi( 24) 

has stated th.at a carbonization of the treated product using a 

carbonization temperatui•e or soo0o. resulted in an active char 

with no turther treatment. Bargraves< 8 } has ·reported e.n active 

product from bituminous coal by a process of chlorination, car-

bonization, and steam activation of the resulting product. 
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III,, EXPEm::r,:fENTAL 

i:,ur;eose 9.._f the Jnvestigation. 

The purpose of this investigation is to prepare a liquid 

adsorbent type of active carbon from Midlothian coal by a pro-

cess or chlorination followed by a lo~ temperature carboniza-

tion of the chlorinated product and steam acti vati.on of the 

carbonized product. 

Plan of_Invest~a!~C?Il· 

The plan to be followed in this inTes•tigation is as list~ 

ed below; 

l. Review of the Literature. .A review of the litera-----M-------~--------

ture will be made for pertinent information on 

active carbon in general and for any specific 1n-

tornu-ttion on active carbon trom chlorinatecl coal. 

2. !lpe 01· Co~ to be Used. The type coal to be used 

in this investigation is a low temperature, high 

volatile coal found in the abandoned strip mine 

about 3j miles northeast ot Midlothian. Virginia. 

3. Plan or f'roceduz·e. The plan of procedure to be --.,..__....,_~----

followed is as follows: 

Samples. The coal will be crumed, ground, 

and screened to the following three tJizes, 

i.e. passing through the 100, pasaing the 
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80 but retained on the 100, passing the 70 

but retained on the 80 mesh screens ot the 

u.s. Std. screen series. 

b. £_roximate AD.alzsis of the Coal Samples. A 

atandard proximate analysis of the coal will 

be determined as indicated by Snell ~n,d 

Biffen ( 26 ). 

o. Chlorination ot the Coal Samples. The screen-

ed sa.71lples o:t: coal will be chlorinated by pass-

ing a. strean1 of gaseous chlorine through a sua-

pensi on of coal in water. Coal samples of ea.ch 

screen size will be chlo:rine.ted tor varying 

times of 1, lt, 2, 2½, 3, 3½, and 4 hours to 

determine the effect of different times of 

chlorination. 

d. Washing and Drying of the Cttlorinated Coal 

Samples. Following chlorination, the coal 

samples will be filtered out ot t.he suspen-

sion, washed with watar, and oven dried at 

9o0c. tor a period ot two hours. 

e. Proximate Analyses of the Chl:orinated Coal 

Samgles. l'-i. st&.1.da:rd p,r,'o:x1mate analysis or 

the chlorinated coal samples v1ill be deter-

mined by the metho& outlined by Snell and 
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(26) · . Bi:f'fen · to determine the eftect of the 

chlorination of the coal. 

f. Car'bonization or thrj Ghlorineted Coal Samples. 

The chlorinated coal samples '!Jill be cerbo-

nized at a teml)e:rature of 500°c. for a. period 

ot l ho·ur. An uuchlorinated coal sample ot 

each size will be subjected to an identical 

treettment to :furnish a blank for comparison. 

g. Steam 1:1.0tivati.on of the Carbonized :Product. 

l~sch sample of carbonized product wi 11 be 

steam activated at a temperature of 800°0. 

for a period of 1 hour. 

h. Evaluation of the Activated Product. The 

activated product will be evaluated and com-

pared using the iodine and potassium per-

manganate adsorption tests as outlined by 

Has$lar{l~,). 

N..aterials 

Th9 following materials were ueed in the chlorination of the 

coal samples: 

Coal. Low tempe:rature, high volatilf~ bituminous coal found 

in an abendont,d at:dp mine about 3k miles northeaat of Midlothian, 

Virginia. Used as t:h~ raw :mat~lrial in the preparation of the 

active char. 
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Chlorine, Liquid. One hundred pound cylinder, manufactured 

by the Matheaon Co., Ea.st Ru.therford 1 N. j. Used to chlo1·inate 

the coal sampleo. 

The fallowing materials wet'e used in the evalu.ation of the 

activated product: 

Thioaulfate 1 Sodium. Crystals, A,.C.s. Standard grade. Lot 

No. 122845, manufactured by the J. 'J:'. Baker Chemical Co,; Phillips-

burg, N. J. Used in determining per cent iodine an« permanganate 

adsorbed by the char. 

Iodine. Crystals, resublimed, A.C.s. Standard grada. Lot 

No. 62743, manufactured by the J. 11• Baker Chemical Co., Phillips-

burg, N. J. Used in the determination of the per oent iodine ad-

sorbed by the char. 

:Permanganate, Potassium. Granular, ri..c.s. standard grade, 

analyzed. :tot No. 52146, manufactured by the J. T. Baker Chemical 

Co., Phillipsburg, N. J'. u,,ed in the determination of the per 

cent permanganate adsorbed by tha char. 

Iodide, .Potassium. Crystals, A.C.S. Standard gra.d.e, ana-

lyzed. Lot No. 40666, manufactured by the J. T. Bak.er Chemical 

Oo. • Phillipsburg, N. 1. Used in the determination of the _per 

cent permanganate adsorbed by the char. 

Acid, Hydroehlor10. C.P. grad~, analyzed. Lot No. 32546-C, 

menuta.etu1•ed by the J. T. Baker Chemical Co. , Phillipsburg, ff. J'. 

Used in the determi11ation of the per cent permanganate adsorbed 

by the char. 



Dichrom.ate, ?otaaoiur.o.. ·CJ:"ystals, A.O.$. standard grade .. 

Lot N.o. 92542, manufe.ctur$d by the J. !I.'~ Baker Ohemioal Co., 

l?ldlli_peburg, N. ;r. tJaed to deter.o.ine the :n.otme.lity ot the 

aodiUtn thiostlltate solution. u,aeci. 

Starcb.1 .Arrowroot. Powdtllr, Lot No. 21, nianu:t.'aetured by the 

General Qheintcal Co., Philadel1?hia, :ea. Uaed ea an indicator 

t.or the iodome~r1c determinat.ions made • 

.Acid, SUltur1,~. 'C. P. 4rade, analyzed. i.ot NO. E~20'1018 

JD.8l1Ufactured by the Gen.el'al Ohemi cal Oo. , New York, N. t. tTsed, 

in the determinatioa ot the :per cent permanganate adsorbed 'by 

the Cheu-. 

Paper, Filter. miatman r~o. 30, 11 cm., ash content per 

oi;rcle 0.00032 gr. Manufactured by w. and R. Blas~on Ltd.• 

England. 

AJ?l?era:~~s 

The following apparatus used in oruall1ng. erinding, an4 

11z1ng ot the eoal •Uples 1~ .J..ooated 1n the Unit Operations 

Laboratory ot the D•part;:m.ent of Ohemica.1 Eng:inee:r1.og, the 

Virginia Pol,)'1eclm1c In,stitute, ile.ek.aburg, Vi:rg1~1e.:: 

Crusher, law. :alake type,&. inch corrugated Jaws •. .Manu-

facturt,d by the Universal CruSher Co., Cedar Bapids, Iowa. 

Used _to-,:, the init1e.l crushing of the coal. Jaw setting 1/32 

of an inch. 
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Mill, .Attrition. Size l3, Sho:p ~:ro. 237. J~utactured by 

the Hobin.son Manutaci;ui~iue Co., t:iuncy, 2eunsy1vaniu. Usi3d for 

:tinal .size reduction of thJ coal. Plate setting one-half turn 

from contact. 

Rid,dle, G;t3;atory. Oo:mbs gyratory type. l.':anutactured by 

the Great Western f,lruiufactUl•ing Cc., Leavenworth, Kansas. Used 

in the screening of' the coal samples. 

Screens. U.S. Standard:, 8 inch •. siza8 70, 80, and 100 

mesh. Manufactured by the ?:.recision Seientii'ic Co., Chicago, 

Illinois. Used to separate the coal into various purticle sizes. 



The following apparatus w1s used in the determination ot 

the pl'oxima. te analysas ot the chlor1na.t ed and unchlorinated 

eoal samples: 

Bala.nee, Analytieal. Chainoioo.tic, dampened, max. wt. 201.l 

gr., accuracy 0.0001 gr. Seriel No. a-2238, manufactured by 

Seederer-Kohlbusch Inc., Jersey City, N. 1. Used for weight 

determinations. 

even, Dryin5. Serial Uo. 100-2761, catalog No. 1260 tempera-

ture range 3o0 to 1ao0 o. 110 v., 60 cycles, 600 watts, 5.5 amps., 

1 phase, Type A. Manufactured by the Precision Scientific Co., 

Chicago, Illinois. Used to detennine the moisture content ot the 

coal samples. 

Furnace, M:uftle. Serial No. 1400, ty~ 9921, 1.35 kw., 

220 v., 6.1:3 amps., working taupe:ro:ture 1750°F., max. ter..1perature 

1850°::E·. M&nufactured by the Cooley t:lectric Wanufa.cturing Co., 

IncUanapolis, Iudiana. Used in tho determination of the ash and 

volatile ma.ttEU' content of the coal. 

~liscellaneo·u.a. Porcelain cruci. bles, 30 cc., 6 required. 

Deasicators, 10 cm. I.D .. , 2 required. Used in the a.eh and vola-

tile 100.tter determination.a of tho coal samples. 



The apparatus used in chlorinating the coal sample$ waa 

constructed as shown in Drawi~e No. 1, and 2, pages 22 and 

23. • The ~terials used in the eonetructiai. or this apparatua 

were obtained from. the Department ot Che!r1ical Eng:i.nee:,r-ing, the 

Virglnia Polytechnic Institute, Blacksburg, Virgi.nia and 

listed ae follows: 

Column, Chf_9r1nat1on. Gla~s tubing, pyrex, 1-11/16 :Snchea 

1.n., 39½ inches in length. Used in chlorinating the coal 

samples. 

Plate; Diffusion. Porous silica plate, Filtros type "ff"• 

Two inch diameter. Manufactured by Filtroa Inc., Ee.•t Rocheste~, 

N. y. Used ae e porous dl:ff'U.810n plate to distribute th& chlorine 

into the Chlorination col\llin. 

Tenls:1 Distrlbutio:i;. Two liter, 3-necked flask, PJr$x. 

Used as the baae Qt the chlortnat1oP. column and to reed chlorine 

into the distr1 button plate. 

flow--.m.eter. Orifice· type Jll.eter using a o. '15 ll11tl.• glass 

capillary tube as the orifice. U tube :manometer constructed 

of 5 mm. glass tubing tilled 'Witn ~oncentrated H2$o4 . Ueea. 

to measure the chlorine tlow into the chloriJlation apparatua. 
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T9wer. Adaor_ptior1. Gl~as tµl)ing, pyi;'1x, l ;!.nch I.D,, U,t 

inoheo in length. Packed with :i inch glass sl)heres. Used. e.s 

en adso11>tlon tower to· adsorb the excess chlor1ne i'rom tlae 

chlorination •appe.ratu,a .. 

Soales 2 Tb.rec .Beeme~. Laboratory s<:ales, 3 beamed, accu-

racy o. 2 gr. !.'ianutectured by llisher Scie:rititie Co., ;:'i ttsburgh, 

Pennsylvania. Used in weight detei'llline:Uons ot the 88llll)le to be 

treated· end the treated· s®_ples. 

Mi.tJOellaneous. Di st1•1buti on plate sealed in the chlorina::.. 

tion column and the dist:t'ibu.tion tank ~i th "Varno"· cement, self 

aealing ru,bber tape, and painted with D.O. 804 silicone reain.. 

All g+ass tubing uaed was 5 mm. soft glass tubing. All tlexibla 

couplings made wt 'th 6 mm. I.D. "'fygo:n" tubing • 

. The apparatus used in c.arbonizat1on and steam activettion 

ot the chlorinated ;product waa design.ad, and. build lrJ Mr. s. M. 

0ano<5 > tor the activation e>t peanut hlllls, and is sb.O"fl'Jl in 

Drawing No. 3, pa$& 26. .Moditications .made as l1sted below; 

Stesm Generator. One liter sid,e a.nu flask, pyrex glass. 

Uaed e.s a veirnel in which to aenerate steam tor the steam acu .. 

vation of the products ot carbonization. 

Hot Platu. Round, "Au:tellll}n he$te1•, llt> v. Manutactured 

by the l?ifihe:r ScientH'ic Co., :P1ttsburgh, Pennsylvania. Used 

to heat the stea.111 generator to produce the steam for $team 

activation. 



:niu1nocoui!les. · :rron-const;ant!lll, pol'Gelain insulating 

spacers uated. tron wire: #20 .B. & S. gauge., ~ool No. 88566~5:s. 

Qoxu1tanta1;1. wire:. #20 l\. & s. gauge, Spool .No, .a9931 .. 1:4. Manu-

tac.tured by the Leeds & nort~.R Qq •. ,, Philadelphia, Penneylyanta. 

t1aed to manufacture the tbemocou:ples ueed in. measuring the temper .. 

ature ot the earbonizat:l.on and steam. activation apparatus .. 

Millivoltmeter. No. 321643, calibrated dial t;emperatul".e 

reading~ in 4egree·s Fahrenheit t:rom o0 to 2000° tor a COl)per-con-

s~tan i;hermoqo,uple. Manufa.Qtur.ed by the F1ah&r Seientif:j.c Co., 

Pittsburgh, l?e~aylvania. U1ed aCJ.an :indicator of the temperatur~ 

ot tile kiln. 

:Potentiometer. .Mod$l lllo. Fll-1: Serial ~lo. 895'11, compei>.aat-

1ng type. twiutacturad 'by tbt Leeds & Northrup Oo., Phi.l~delphia, 

Peuaylvania. Uaad in the.calibration of the thermocouples 1.1se4. 
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The below list:3d appa"C'atus was used. in the •9Va1uation ot 

the activatod _µ,reduct. 

Article size No. Requil·ed 

Erlenmeyer Flasks 2t>Q oc. 4 

Beakers 150 cc. 4 

Burette 50 CO, l 

Gravity Funnels 6 cm. 2 

'Volumetric Flask 1000 co. l 

Gooch O:ruci b.les 20 cc. 2 

Suction Flasks 600 QC. 2 

Method ot Procedure ................... __,.... . ..;.....,__.;;,.... 

- Tba following procedures were followed in preparing the 

ooal samples for chlorination; 

l. Qrush1,n§, ~F,Jndi:ng, and .§!!_ing of'~ the ..Q.1:>~l .. Sample!• 

a. Fifty pounds ot the Midlothian coal as re• 

ceived, we:re placed in the jaw· crusher with 

the jaws set at a setting of 1/32 of an inch. 

b. The reduced coal atter one pass through the 

ja,1 crusher was then given one pass through. 

the attrition mill •,'¥'1th the plates set at 

o. 036 in.ches f.roru. contact. 

c. The coal after one pass through both the jaw 

cruah~r and the attrition mill, •1th the ex-

ception ot 5 pounds used for deterr.nining the 
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proxin:&te analysis of the coal as received, was 

subjected to a screening to obtain the coal of 

the desired :particle sizes. 1'ha screens used 

were 70, 80, and 100 mesh U.S. Stend.ard screens. 

The eoe.l sample was placed on the 70 mesh screen 

and the nest plaeed in the g-fratory riddle. After 

:3 hours o:f' agitation in tho riddle the screens 

were removed and the following coal size$ were 

kept' as ra.w material; -100; --80, -t-1OO; a1i1 •'10, 

80 mesh. l'he materials rem.eirdng on the 70 

Ill8sh $erean. w0re not used in tile 1nveat1ge.t1011. 

2. Pro~imate Analysis ot the Coal as Received. 

a. A rep:resenta.tive sample of the coal as received 

was obtained by successiv~ quarterings ot a 5 

pound sample sel ectad at random from the crush• 

ed and ground, but unsized, coal. 'l'he q,uerter-

ings were continued until a final sample weight 

ot approximately 50 grs. vras obtained. 

b. Duplicate analyses were made for each determi-

nation usiug app:roxir®tely l gr. sampl~s ac-

cording to the method as stated by Snell and 

Bitten ( 26) • The duplicate runs were mde to 

s\irva as a cbeck. It the analysts as d@ter-

mined did n'>t agr·oa within 0.01t the analysie, 

was repeated. It t~e analysis checked within 
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0 .. 5% tho values J1ere arithmetically averaged ad 

reported. as the determined value. 

3.. Chlorination of -Che Coal Samples. 

a. One hundred gram samples (:t0.5 gr.} of each coal 

size were used in the chlor1na.t1on tests. Each 

sample was weigh8d out on the laboratory scales· 

end :l;}laoed in suspension in tap water. Tap water 

was used beeaQse it contained no eub~tance knOWD 

to ettect the reaction. The tem:f8ratura or thia 

suspension was observed and recorded. 

'b. The suapans:lon of coal in water was then poured 

into tho top ot the chlorination column. Care 

was takeil. to insure that all ot th(;) suspension 

went into ths eolu.m,n.. A thermom:)ter was a-.is-

:pended into the mixture, the top of th,~ chlor-

ination column aealed, the ti~.e recorded, and 

the chlo11 ine turned in.to the system. The chlorine 

flow was adjusted by means of the chlorine valve 

end the flow-meter to. a value ot about 12 liters 

per hour. 'l'his 12 liters per hOUl.' ot chlorine 

flow re:;>resentcd an e:;;cess of chlorine v.h:t.ch 

served to agi ta.te t'.q.e susjilension,' thus keeping 

the C',0al in suspension. The chlorine was al-

lowed to flow for varying periods of l, li, 2, 

2j,, 3,. ~' and 4 hours ·tor each size of coal. 



In each case the temperature of the reaction mix-

ture was observed and recorded every 15 minutes. 

c. Upon completion of the predetermined time ot 

chlorine flow the r.eacti on mixture was removed 

t'rom the column through the side arm. The mix-

ture was then filtered to remove the coal, using 

a Buchner funnel and. a suction flaak. The 1'1lter--

ed chlorine,ted coal was we.shed with tap water to 

~emove BCl, and dried in the drying Qveu at a 

temperature of go<>c. tor a par1 od of 2 hours. 

T)le washed, filtered, and dried coal samples 

were tllen wei(!hed (~0.5 e;r.) on the laboratory 

scales an.d placed. in sanple bottles-

d. Standard ·proximate analyses were then dete.rminea.( 26) 

on the coal to determine the effect ot the chlorue 

treatment on the coal. 

4. Carbonization and Steam Activation of the Chlorinated ud 

Unchlorinated Ooal Samples. 

a. The thermocouples were installed as shown on 

Drawings Mo. 3 & 4, pages 26 and 27. The the:r-

mocou.plea were then calibrated with. the milli-

voltmeter and potentiometer. S1:multaneous 

readings ,,,e.re taken from th.s millivoltmeter 

and the _poted:l.ometer end recorded. From the 

values in :mtllivolts observed with the potentiometer, 



true temp~ratures .-ere obtained from the Leeds 

& liorthrup tables( 28 ) and plotted against the 

temperature ree.dine;s ot the millivoltmeter. 

b. One hUlidred gt-ms of. each. size range of the Chlor-

inated end. unclil.orinsted coal samples were uaed 

in the carbonization end steam actiTation pro-

cesses. Ea.oh sample was weighed (,~0.5 gr.) on. 

the laboratory sea.lee. '!'he -wight was recorded 

and the weighed sample placed in the kiln. The 

kiln was then asse-nbled ( see Drawing N"o. 3, page 

26) and secured into position in the fumace, after 

which bricks were placed into position to serve as 

an insulating door to the furnace. One liter of 

distilled water was added to the steam generating 

flask. The steart ge.neratine flask was then placed 

in ,position over a hot plate to furnish steam for 

activation. 

c. Electric power was thm switched into the rotat-

ing mechanism and. the heating units of the kiln 

and furnace respectively. The hot plate was tnen 

switched on "low" to allow the water in th~ steam 

generator to heat almost to the boiling point. 

d. The temperature of tlle furnace was allowed to heat 

to 500°c, the time noted and recorded. The rhe~-

stat oontroll111g th& power to the heating unite 



was then adjusted &0 as to maintain the tempera-

ture at 5oo0 c. Since it ~egp.ired about 5 minutes 

to heat the water in the steam generator from 

the preheat temperature to the boiling point, 

the hot plate was adjusted to the 0 h1gh" position 

after the tu mace temperature had been maintained 

at 500°0 for 55 minutes. Thus, at the end of l 

hour steam Vias available for treatment of the car-

bonized charge. At the end of the 1 hour period 

at 50o0c the fm•n.ace rheostat was adjusted to 

raise the furnace temperature up to aoo0c. and 

at the same time steam was adm:i,tted into the 

system. The time was noted when the :t"Urnace had 

reached aoo0o. and the rheostat adjusted to main-

tain this temperature. At the expiration of 1 

hour, the power was turned off of the heating 

uni~s, the bricks at the furnace entrance re-

moved, and the furnace el.lowed to cool to room 

temperature (25°c.). The steam flow was maintaln-

ed until the kiln had cooled below red heat (ap-

o ) prox. 500 c .. 
e. 1-1.!ter cooling the kiln was removed i'rom tbe fur-

nace, disassembled, the activated product removed, 

weighed on the la'bora.tory scales (:t.0.5 gr.) the 

weigllt recorded, end the 11ample s placed in sample 
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bottles. The amount ct water rernaiDi.ug in the 

stean1 generating flask was :measured and the dif-

ference in weight recorded as the steam used. 

r. The kiln body was washed with distilled water, 

d:t'ied., and the cycle repeated on anotbel' coal 

sample. 

5. Evaluation of the Activated l?roduot. 

a. A standard iodine adsoll)tion test was made on 

each sample of the activated char, as outlined 

by Mantell(l 3 ). 

b. standard potassium. permanganate adsorption 

test as outlined b:;r Mantell ( 13) was made on 

each sample of acti vs.tad carbon. 

c. A filtration test was made on each eemple. 

This test is not a standard test but carried 

out as follows: three-tenths of a gram ot 

the activated product was placed in a 150 :ml. 

beaker and thoroughly wetted with 50 ml. of 

water. The mixture was stil'red for l minute. 

At'ter stirring the ndxtuz·e was ti ltered through 

qualitative filter paper. The time necessary 

for complete filtration was observed and re-

corded. The tirre of filtration was used as a 

comparison to compare the filtration charac-

teristics ot the active ebars produced. 



Data and .Hesults 

Tbe data. obtained in the preparat:to.n of active car-bon from 

:Midlothian coal, the evaluation of' the product, and the compari-

30n of the product is given in the fonn of table$, grouped as 

follows: 

a. The data used to compare the change in woight ant\ 

the variation in the proximate anRlyses of the 

treated and untreated samples is given in: 

TABLE I• DA~A AND .RESULTS OF PEOXIMA.TE 

ANA1,YSES OF MIDLOTHLAN COAL BE-

FORE I! .. 11.lD AFTER CELOP.!NE THEA.T-

M.m'l'. Page 38 •.. 

b. 1.lhe data used to evaluate and to compare the active 

product for adsorptive ability is given in: 

'!'ABLE II - DA'1:A ANJ) REJULTS FOR IODINE 

A!HJ PE:FiMANGf.NA'l'?-; .ADSORPTION 

TESTS ON ST.EAM ACiJ:'IV.aTED MID-

LOTH.I,,~J 00.A,L BEFORE .ru.·'@ Jl]'TE.R 

TREATMENT WITH CHLOP.INE. 

Page 39. 

The result.a obtained in the investie;atio:n ot the chlo1•ine.-

tion of Midlothian coal to obtain a liquid adsorbent char ar.e 

shown in the following graphs: 



FigurEi 1. - Plot of 'P.otal 'J:ime of Chlori-

nation Versus Per cent Vola-

tile Matt.er in Coal Samples. 

Page 41. 

Figure 2. - Plot of 'l1o•iial 1.l'i:me of' Chlor-

ination V'ersus .Per Cent Ash 

in Coal Samples. Page 42. 

:neure 3. - Plot of Total Time of Chlor-

ination Versus Change in 

Weight of Ohlorine.ted Goal 

Samples. I'age 43. 

]'igu:.re 4. - ?lot of Total Time of Chlor-

ination Varsus Per Cent by 

Weight I2 adsorbed by Steam 

acti.ratad Midlothian Coal. 

Page 44. 

L'iguxe 5. - Plot of Total 'l'ime of Chlor-

ination Ve1•sus :S:'er Gent by 

\,eight KMn04 Adsorbed by Steam 

Activated Midlothian Coal. 

Page 45 . 

.lfigure 6. - Plot of' 'I'otal Time of Chlor-

ination Versus 'l'ime o:f .l!"il-

tration oi' Steam Acth·ated 

Midlothian Ooal. Page 46. 
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Figure 7. - Plot ot True Temperature 

Versus Millivoltmeter Read-

ings. .Page 47. 

:figure 8. - Plot ot Total Time of Chlor-

ination 'Versus Pe1·centa.ge 

Fixed Carbon in Coal Samples. 

Page 48. 

Figure 9. - Plot of Reaction Temperature 

·versus Time of Chlorinatton 

Run No. 7. Page 49. 



----------------------

Coal Size 
cu.s.std. 

----
-100 

-100 
-100 

-100 
-100 
-100 

-80 +100 
-80 +100 
-so +100 

' -80,+100 

-80 +100 
-80 tlOO 
-80 +100 

-70 +80 
-70 --t80 
-70 +80 
-70 80 

-70 80 

• . . ------------------------

Wt. Chang 
(grs •) 

+1.85 
+5.49 
+7.16 
+14.22 

+31.05 
+32.17 

-2.82 
+5.55 
+12.22 

+18.07 
+26.20 
+34.48 
_0.91 
+3.09 

+3.89 
+5.75 
+8.27 
+12.73 
+17.96 

Vol. 
Matter • 

34.75 
37 .55 
37.41 
39.0l 
42.80 

44.45 
46.43 
48:.72 

38.8.0 
39.85 
40.94 
41.57 
41.83 
44.83 
47.06 
35.50 
37.05 
37 .40 , 

8.17 
38.05 
39.73 
40.50 

i-i.Cti • • 
• • 

• 

' ' . 
•• . 

IY-11 · 
' . 
. . ' 
' . ' 
. , . .. •• 

i4E,i . 
L,W.Ji . 
i-i.-14:I : 

. 

• -- :. a.vs . 



Coal Size 
(U.S.Std. mesh 

-100 
-100 
-100 
-100 
~ao ~100 
~00, it-100 
-80,+100 
-80 ·100 
-80,+100 
-80,+100 
-80,+100 
-8 +l 
-70 +80 
-70 .+80 
-?.o,,+80 
-70,+80 
-70,+80 
-70 +80 
-70,+80 
-70,+80 

.Cl2 Flow Time 
(hrs.) 

2.1.. 
3 

3½ 
4 
0 
1 

1½ 
2 
2½ 
3 

3½ 
4 
0 
1 
1½ 
2 

2½ 
3 

3½ 
4 

I2 Removed 
(% by weight) 

--·---

53.7 
81.0 
86.2 

89.9 
13.2 
16.7 

29.6 
32.4 
41.0 
54.0 
59.1 

64.3 
13.7 
16.5 
20.4 
30.l 

49.8 
-

56.1 
73.6 
74.4 

- - --

49.4 
63.2 
67.3 

69.0'. . -
24.5 

25.6 
29.5 
38.4 
48..2 
52.1 
55.3 
12.8 
18.1 
22;1 
28.'2 
41.4 
49.7 
50.0 
50.9 



TABLE III 

DA'rA AND RESULTS 

FOH PEH CEN'r YIELD AND EASE OF FILTRATION OF STEAM 

ACTIVATED MIDLOTHIAN COAL BEFORE AND AFTER CHLORINATION 

Coal Size 
(U.S.Std. 

mesh) 

-70,+80 
-70 +80 . :, 
-70 +80 
-70 +80 

----

-70,+80 
-70,+80 

1 340 
lt 310 
2 320 
2~ 390 
3 360 
31- 390 
4 380 

Yield 

( ~) 

60.9 
61.7 
51.5 
51.2 
52.0 

48.0 

61.3 
63. 
65.0 

59.7 
61.5 
82.8 
53.0 
52.7 
45.0 
49.2 

Filtration 
Time 

{secs.) 

29 
30 
51 
30 
29 
33 
31 
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I\/~ DISCUSSIOii,. 

Discussion of Results 

1. It was originally thouB}lt that the :rate of the reaction be-

tween the coal and chlorine wou,ld be dependent upon the 

surface ar·ea. o:f' the coal particles. On this basis it was 

decided to vary the size ()f the particles to be useq.. Prei-

liminary tests indicated that conl, ot ;particle sizes below 

200 mesh U. s. Standard screenn, was very difficult to SUfJ--

pend in water. This was assumed to be due to the surface 

tension of the wuter emd the hydrocarbon nature of the coa.l 

surface. To overcome this difficulty a solution of the 

eommer<:ial detergent "Dreftn was used to lower the surface 

tension of the water, thus making H possible to suspend 

the coal in the water. ,Several ehlo.I'ination tests were made 

using this solution, but analysee deteimined on the products 

showed no correlation and no apparent changes in weight of 

the ch101•inated products were noted. It is believed that the 

detergent coated the coal pa1·ticl.ea thus preventing contact 

between the coal and the chlorine. The use of the detergent 

~ms discontinued, 'l'hus the lowei• limit of particle s1 ze was 

100 mesh and. this was used as the least particle size. Pre-

liminary tests indicated that coal particlea larger than tha.t 

which passed thl-ough the 70 mesh screen would not sta:y in sus-

pension. Therefore, the lindtn in size of tho coal particles 



which could be uaed wore the 70 mesh. and the 100 mesh $Creens. 

On this baeis the coal particle sizes U$ed in thls investi~ 

getion were ...;100; --80, 100; and -70, so maeh U. s. Standard 

screen sex1e.s. 

2. Chlorination of the Coal. Samples, :r~tfec"t of Partiele S1zs .. 

.A review ot the literature (3, 18) indicated that a reaction. 

would take place between the coal in ~speneion and chlorine. 

It was thought that the rate and thus the extent ot this rs ... 

action. would depend on 'the surface az•ea ot the coa+ pe.:rti~l,es. 

In the searoh of the l1 tera.tur,r itifo.rmation was f'~und ( 3 ) 1;o 

the tontrary, indJ.,eating tnat the reaction waQ somewhat in.-

dependent of the aurta-ce srea. How0Ter, uaing the change 1n 

wel,glit of the coal a,am,pl.es .. o:n chlorination, 43.ai for -100 

mesh ~oal chlorinated tor hPurs,. 55.5% to:f -eo, 100 mesh 

coal chlorinated tor 4: hours, and lE;,.6%, tor -'10 80 mesh 

coal chlorinated fQr 4 hours:· tis an indication of the extent 

of the reaction,· the :cesuita o:f"this ui.v-estigation (Jigure 3, . ' 

page 4Z), indicate that the particle size and thu~ the aurtace 

area per UJ.\it volume is the controlling factor; The initial 

decrease in weight, -2.82 grs. tCJr .. ao, 100 mesh and -0.91 . 

are. tor -?0; 80 meoh coals, in.dicates that some ot the ash 

is leached out ot the eool. It is thought tlui:t the materials 

l,lsillg leached out were tl'1e mineIJal oon;:;tJ,:tuent s (iron, aJ.1.Ulli .. 

nwn, etc.) ot the ash, whioh were going i~to solution ae 



soluble chlorides. 'l'he tact that th$ -100 mesh coal did not 

ehow a dacreai&a in weight is thought to be due to the :tact 

that the reaction took place suf;t'iciently fast tor the gain 

in weight on ohlorina:tion to o:t't-aet the decrease in weight 

due to leaoh1ng o~t ot the ash. 

The variations in ,the proximat.e analyses ot the chlor• 

inated and unch,lorinatad coal s~11ples, as ah~w:r1 in Figures l 

and 2, pages 41 and 42, bears out the original assumption 

th.at 'the rate ot tha reaction is a i'uo,ction of the surtaoe 

area of the Cool pai•ticles. The pe:roentage volatile matte:r 

increa~ed parabolically with ino:reastng tim,ea ot chlo;rine.-

tion, with the -100 mesh coal increasing from 54'.?5% at 0 

ohlo:rination to 48.72 a.t 4 hour~ of chlorination., the -so, 
100 mesh coal ix,.cree.$1.ng from ~. 76 to 47. OS~, and the -70, 

.ao meeh coal increa.siDg from 34. 76. to 40. 50% over t.ne eame 

range of chlorination t1.w.e. '11he ;pux·a.bolic decrease in the 

aah conte1it of tbe coal samples 'With increasing Chlorination 

tim.e indicates the leaching out 01· the ash. Tile -100 ,-,.h 

coal decreased in ash content t'J:Om 9.92~ to 3.Gl%, the ... eo, 
100 meah ooal changed tz·om 9. St2% to 2.67%, and the -'10, 80 

m.ea;;h coal decreased from $.~2% to 4.17% over the ~ame chlor-

ir~tio:::i. tim.13 range ot fou.r ii.ours. 'l"he fact that tbe -70, 80 

mesh coal allows the J.ai•ge~t decreaef;I i11 a1:1h. content; ( g .. ~2% -

2 .. G7%) is contrary to that whtoh was expected. 'l'hia dis-



crepancy migh~; be explained by the fact that no definite pro-

cedure was followed in .s~uupli;o.g and possibly the sample~ used 

in theee determinations were .not truly representative. The 

curves Qf the -100, and the -60, 100 mesh samples show a 
tendency to level oft at an a~h content ot about :.3.5% where 

appru;ently all of the conetituents of the ash :f'o:r.-ming solu'ble 

chlo:.i-i<iea have baell leached ou.t, p;robably leaving silica pre-

dominant. 

'.l.'he varia.tioris in the percentage Uxed car'bon (Figure 8, 

page 4.8} are explained by the tact that the valus for tixe4 

ca:rbon 1$ c.latermlned by dift'e:rence analyses and the volatile 

lllatter ®alyaoe. 

The vuriation.s in the temperature of the reaction mix-

ture '(Figure 9, page 4:9) upc,;n ohlo:dnation of the eue.pension 

of coal 1n water oan be eXJ;)lained 'by the asewnption that the 

mina1·e.l consti tuants ot the ash are leached out as eolu.ble 

c.hlodde~ !'01·med 1.Jy a reaction bErtween the chlorine in so-

lution and the me~als in the aa11. The i·eactions forming 

metallic chlorides are e:&:othernu.c end the b,eate ot .solution 

. of metallic chlorides are ,poei ti ve, tll1.ts both the foJ:'mation 

01' the chlorides and the solution o:f tlle chlorides liberate 

heat to the syf:ltfliil. 'r'he :rapid. rat1{ oi' tempen.rtu;re rise oc.,.. 

curs ovex· tb.e same pet•iod of ch101·in.ation that the .sharp de ... 

c.r-ease in aan con.teut ta.kea place, therefore, it is assumed 
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that this t~mpereture increase is due to the formation and 

solution ot metaliic chlorides tor.med from the a~h. At~er 

a chlorina.tion. tilne of 11 hours is reached the temperature 

begins to decl'$ase. This more gradual decrea.ae is d~e pr1• 

ma.rilY to natui-al cooling. The .ma::id,mwn ·tem.peratur~ reached 

was ab()ut 5G0c. The reaction mixture cooled until a t$llll)er .. 

atura of about 29°0. was reached wti.ich wa$ about 5°c. above • 

room temperature (24°c.). 

3. C,erbon:l,zation sn.d Steam activat;i.on or the Treated and Un-

treated §smile ii. No attempt was made to vary the condition• 

of the carbonization end the stea.'il activation of tlle coal 

sam1,les. The te.mpere.t11res and cyclic durations Yle:re ohosen 

from. the literature{ 3) a..nd· ,iere as tollow.s: eai·bonization ·.,, 

et i5oo0c. tor l ho1;tr end steam activation at aoo0c. tor l 

hour. Identical tests, as tho~e ·~ade on chlorina.ted aamples, 

"ere made on unchlorinated samples or each coal aize (-100; 

-80, l00. and -70 1 80 mesh) to ser·ve as reference tests. 

Thes~ u.nchloI·inatad samples upon. carbonization a.nd steam ac-

,th·a ti Oll torrued a hard poxous coke., whereas in no case, tol-

lowing identical treatment, did the chlorinated coal samples 

ca,ke. 'l'he u::Qlanatio,n of this observed 1'1:.,ct is not kno&. 

The literature 1ndicates( 3) that the .rate ot steaming is not 

a cri tice.1 factor so long as the stean.1 f.low rate is not au:t-

t1Ciently large to CQ.rr:;,r ·the material being activatsd t:rom 
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the a.ct;L vat.ion chamber. Therefore, no at tempt wali3 mad, to 

hold the steani flow coni,;te.11t (varia<l. between 310 ~d. 390 cc. 

used). No att~pt was made to analyz~ tho ~ondensate trom 

this treatment. however. mQst of the condensate was obviously 

water with a strong odor or phanol. 

4,. r;vo.l~e.tion and Con1pa.risol).·--·o:r :the· Activated Product. A $earch 

of the literatu.t'e revealed several methods(12) for testing 

the_adsor_ption activity ot' active c.bors. It we.e pointed out 

that these methods are not ·¢onolu$1V$ and tbat eni evaluation 

should be carried out lll'l.der conditions par~J.l~l to the in-

tended use o:f the cl'la.r. However, tQ -gain. some idij~_ o,f the 

relative merits of the Chars prepa;red, the 1 odtn.G. • :atid pota:Jsi--

um pe1'UIElllga~te adsorption tests we~e use(l. 

a. Iodine 11.dsorRtion '.fasts. The resu.lts ot the 

,iodine adsO~J;r~ion tests indicated tha.t the · 

activity ot the chara iucreased with the time 

ot· ·chior~nation. · .The r.e$ultills; curves (Figure 

.4, pa~ 44}: Qb.OW a tendency to :flatten out at 

· a, ·-ctJ.lQ:t'.ination time of 3 hours, at approximate-

ly $6% adsorbed by the -100 mesh coal, 65'}~ ad-

sorbed by the -80, 100 m~sh coal, and 75% ad-

sorbed by tAe -70, 80 m~sh 88m~les. Thia shows 

that cl1lorination treat~nt 'beyo:o.d tlu·ee 4o~rs 

t.a not a1'fect1 ve in inc.i·eaeiil.g the total ad-



sorption acti v~ t;y tor iodine. Between chlor-

ination times of O hours and 2 hours the dif-

ference in activity between the different parti-

cle sizes does not exceed 6%. However, after 

2 hour:;1 ot chlorination tim.e the ditfeJ:ence in 

activity of the different particle sizes is 

• marked. The -100 mesh size increases to a max-

imu,~ adsorption of 89.9% at 4 hours of chlori-

nation, the -80, 100 mesh sample to a maximum 

of 64.31' at 4 hours, and the ... 70 1 80 mesh 

sample to a maximum of 74.451: at the 4 hour 

chlorination time. Tlle fact that the -'10, 

80 mesh sample shows a larger adsorption 

than does the -80, 100 mesh sample indicates 

that the adsorption ot the non-polar iodine 

from solutions '1 a not strictly a tunction of 

the surface area. 

b. fOtassium Pern:anganate Adsorption Test~. The 

results ot the permanganate adsorption tests 

show a similarity to those obtained with the 

iodine tests. The resulting curves (Figure 5, 

page 45) show a tendency to flatten out at a 

chlorination time or about 3 hours. A more 
~•r. 

marked difference was evident in the adsor:ption 



activity of the three particle sizes in the 0 

to 2 hour chlorination range with a :maximum 

dit'terenco of' about 12~~ between the -100 mesh 

aize and tho -70, 80 mesh size. The adsorption 

activity of the carbons increases to a maximum 

or 69% for the -100 mesh oomple, 56.3% for the 

-80, 100 mesh $81llple, and 50.9% for the -70, 

80 mesh sample at a chlorination time ot 4 

hours. The lower maximum adsorption of the 

pennanganate solution than of the iodine 

aolution indicates that the forces causing the 

adsorption are J;)robably non-polar in nature. 

The general increase in activitJ with increase in 

chlorinatio11 t:i.me is marked for all particle sizes invas-

tigated inclicat1ng that tbe c:J1lorine treatment has a very 

definite etfect on the adsorption activity of the ehar pro~ 

duced. This might be e::r2lained in aocordance with the 

theory of .1Uekseevski1 (l) as to the action o:f' zinc chloride 

in promoting the aeti vi ty of carbons. In this ease, the 

chlorine acts as a catalyst tor the pyrolysis of the de-

a.cti vating substances. In light of the modern theory of 

the structure of coa1(l?), the reaction might be assumed 

to talce place in au.ell a way that the bonds between the 

basic polycyclic carbon structure of coal and the side 



chain hydrocarbons arc broken, thus enabling the deacti-

va:t-ing hydrocarbons to bo more easily volatilized and 

driven of'f. 

5. Filtration Characteristics of the Activated Product. The 

preparation of' a. liquid adsorbent char was the pu:rpose of 

th!a investigation, axtd with the importance or the filter-

ing characteristics of a liquid adsorbent ~har in mind, it 

was thought desirabb to obtain soma idea ot the relative 

ease of til t.i'.'ation from solutions of the ce.:ebona pra1ie_J?ed. 

The method used in. testing the tiltrntion che.racteristics 

o:r the carbons pr·apa:ced does not constitute any standard 

test. 

As was e:xpec·ted the -lOO meat, coal samples, though 

more adsorbent, were appreciably rnore difficult to filter 

trom the solution, m th the difficulty or filtra·tion be-

coming less a$ the initial particle size became greeter. 

The grea.ta:r. dif:t'e.:renca in filtra.tion time between the -100 

mesh en.d the -80t 100 mash pa:rticle sizes and between the 

-80, l0Omesh and: -70, 80 mesh particle sfzas is explained 

by the fact tha:t not much dii':ference in. actual physical 

dimensions exists between the -70, 80 mesh and the -eo, 

100 mesh particles. The increase in filtration. time with 

increasing time 01' chlorination from 50 aec. to tl1e constant 

value of about 78 sees. for thG -100 mesh, from 33 secs. to 



the constant value ot about 42 $ecs. for the -80, 100 mesh; 

tran 26 e.ecs. to the conetant value ot about 31 secs. tor 

the -70. 80 mesh coal sam,ples ts dit'fioult to explain and 

no e:i:planation is ottei·ed. :J;t can be stated that the fil- • 

tration tiu:ie for unchlo:rinatad coal is no indication o.t 

the actual time due to the fact that the carbon. used here 

was obtained by crushing the .coke obtained by aCtiTating 

the uncb.lorinatad coal samples. 



a. Liiltitntions 

l. Chlorination ot the Coal Samples. The limitations under 

which the chlorination or the coal ssm.ples was carried 

out ere as follows: 

a. The range or particle sizes of tho coal was 

limited to sizee leas than '10 mesh, o.nd for 

particle sizes less than 100 me.ah the coal 

was not separated into ctrn.stituent size groups. 

b. The temperature range of the reaction mixt1:1re 

was limited to the chanee caused by the re ... 

act1Qn 1 taelt. 

c. No investigation was ma.de of the chlor1n.at1on 

reaction tor tiruea ot chlorination or lees than 

1 hQut o~ greater than 4 hours. 

d. The reaction was cai·ried out et night under 

electric lighting to eliminate ·variable light 

in.timsity and its ef'feot upon the reaction. 

e. No 1nveat1ge.t1on was m&de of other suspension 

medillllls other than tap water. 

t. No attempt was mad.e to enalyze the chlorinated 

coal for organic chlorides to determine how 

the reaction had taken place. 

2. Carbonization and Stea.vn Activation of the Coal Sam12les. The 

limi ta.tions undar which the carbonization and steam aotivatiO:Q. 

ot the coal samples took place were as follows: 
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a. The tempera.tu re e.na. du.ratton of the earbonizati on 
0 cycle was 500 c. and l hour. 

o. The steam activation oycle was limited to a 

tem.:oerature of aoo0c. and a time of 1 hou1·. 

1 tations of the tests u,eed in the evaJ.uation a!ld comperison 

of the activated product mere as follo?:~: 

a.. The iodine e,nd _potassium permanganate ad-

sorption tests used were not conclusive as 

pointed. out by Hassler< 13). 

b. The .filt:ratio:n test dio. n.ot constitute a. 

stand.a rd test and the rasul ts may not be 

oonst:ruea. as quantitative. 
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C. Re.CoIGmendationa 

l. Chlorina.t:Lon ot the Coal Samples. It ie recommended that 

:further investiget1011s be made of the chlorination of th1e 

type coal.. 'I·ho followi:ne; specific inv-,stigations are 

rocommendad: 

a. Au investigation of the effect of light in the 

ultr.e.violet range, should ba :me.de in view of the 

:photoaensi ti vi ty of chlorination reactionf:3. 

b. An investigation of the effect of di:t'f'ere.nt sus-

pension mediums such as, carbon tetrachloride, 

chl.orotor..u, a,11d benzene on the reaction and Oll 

the aotiv(:j product formed. 

c. i¼ll inveetigation o.t the direet chlorination of 

powdered. coal without the uae ot a suepension 

medium should bEI made with the object of lessen-

ing chlorine con$Umption. 

d. An inveetigation or chemical p;roducts other than 

ElOtiva carbon should. be ma.de to determine other 

po~u~i bly valuable l,>y-produets ot this reaction 

and also to gain illtJight as to how th~ l'eaction 

proceeds. 

e. Furth.er investigation ut,tng a wider range of 

particle s1zea, i.e. mesh sizes greata:r than 

'10 mesh,1 end sized sample~ o:t less than 100 



mesh l-150, 200; -200, 300) imould be made. 

t. An 1:nTeetigation ot tho eff.eet of c.h . .,'lo:r1nation 

catalysts such as iron., ferric salts, and sodium 

hydroxide on this :l:'eaction should be made to 

possibly inoroase yield. 

2. Carbonization and Steam AQtivat~on of th.a Coal Santj:_les.. It 

1s reeornmended that turther investigations be made of the car-

bonization and steam activation processes as follows: 

a. An investigation to determine the influence of 

v~riations of cycltc du:rations and te:m:paraturea 

for th~ carbonization and steam activation cyole8. 

'b. An investigation ot the possibility of preparing 

a e~s adsorbent char by a similar prooess. 

c. .An inv~stigation of the constituents of tils 

condensate formed during the steam aqtivat1on 

or the carbonized produot. 

d. An investigation of the ef'feot of the rate ot 

oooling on the activity ot the product. 



y, omrc:r,usIO!J'.3 ----
A. Reaction Between Chlorine and Midlothian Coal. 

On the basis of the _proximate analyses of .Midlothian coal 

before end after treatment w1 th chlorine for l, l½, 2, 2-~. 3, 

31, and 4 hours, on coal particle sizes ot -100; -BO, 100; and 

-70, 80 mesh u. s. Standard. screens and the change in weight of 

the treated coal samples tha following conclusions were drawn: 

1. The ash content of the co al decreased. trom 9. 92% 

to 3.61% tor -100 mesh, from 9.92% to 2.67% for 

-80, 100 mesh, and from 9.92% to 4.17% for -70, 80 

mesh coal sizes on being chlorinated for 4 hours. 

2. The volatile matter content of the coal increased 

from 34. 75% to 48. 72% for -loo uesh coal, from 

34. 75~~ to 47 .0610 for -ao, 100 ~:ah, and from 34. 75% 

to 40.50% for .... 70, 80 mesh particle sizes after 

being chlorinated tor 4 hours. 

3. The :fixed carbon determination of the coal de-

creased from 56.33% to 47.67% tor the -100 n:esh, 

from 55.33% to 50.27% for the -so, 100 mesh, and 

from 55.33% to 50.27% for -70, 80 mesh particle 

sizes, upon chlorination tor 4 hours. 

4. The percentage change in weig."lt varied with the 

particle size showing a maximu.tt1 change of 43.8% 

for the -100 mesh, 35.5;L for -80, 100, and 18.6% 

for the -70, 80 mesh particle sizes ai'ter chlori-

nation for 4. hours. 



:B. lntluenoe of ··ohloI'ination ·on.the Cskin§ 

Pro2et-tie~ o:t: Midlothie.n Coal· 

On the basi, ot a· vi'au.al ~andnat1cm of tho ;;,)roduct ot Ce.rboa• 

ization at 5oo0·o. tor l hour. and steam. activation at aoo0o. t9r 1 

hour of ?.!idlothien aoal arun.plea o1' ... 100; -so, l00; and -70t 80 meah 

U. s. Stu.cl.a.rd screen :particle ~zes, alld Chlorinated in a,n aqueous. 

auepens:l.o.n tor times of O, l, lt, 2, 2i, 3, 3l, aw. 4 hours, the 

following oon.clusii;in Waij drawn: 

l~ 'l'he i:i;iitial chlo:l'ination of CQal prevcts oak1ns. 

The pl:."oducts using uiiohlorinated coal aa a raw 

material ware in tlle form. c,t hard porous coke, 

whereas those p;roduots made trom t,hlorina1ied coal 

ai. a .i•aw material in no caae oakad. 
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C. Adsorptive J?roperties of the Steam .'lctivated Product. 

On the basis of the adsorptive tests using iodine in a 0.01 N 

solution and pote.s~ium :permanganate in a 0.5 N solution as adsorbetes 

and .Midlothian coal of mesh eizea {U. s. Stalldard screen) -100; -80, 

100; and -70, 80, treated with chlorine for O, l~ lj,, 2, 2i, 3, 3½, 
and 4 hours, carbonized at ~oo0c. tor l hour, and steem aeti va.ted at 

aoo0 c. for l hour as the adsorbents, the following conclusions were 

reached: 

l. The amount of iodine a.dsorbed increased with the time 

of chlorination tor each perticle size. Iodine ad-

sorbed increased trom 14. 96% to 89. 9% f'or -100 mesh, 

:trom 13.28% to 64.3Ji for -SO, 100 mesh, and from 

13. 75% to 74.4% tor the -70. 80 mesh pal.'ticle sizes, 

from WlChlorinated to 4 houi•a ot chlorination. 

2. The amount of' :permanganate adsorbed increased with 

the time of ehlorinati on and daereased with in-

creasing particle size. Perma.ngena~e adsorbed in-

creased from 25.25% to 68.~% tor -100 mesh, trom 

28.515% to 66.3% for -80, 100 mesh, and tram 12.80% 

to 50.9% tor -'lO, 80 nesh particle aizes, for times 

of chlorination from unchlorinated to 4 hours of 

chlorine.ti on. 
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D. Filtration Characteristics of the .A.ctive :Produot. 

On the basis of filtration tests made on samples of J.i.idlothian 

coal of mesh sizes of -100; -80, 100; and -70, SO, chlorinated tor 

timea of O, 1, li, 2, 2½, 3, Sh and 4 hours, carbonized a.t 500°0. 

for l hour, and steruJi activated et aoo0 c. tor 1 hour, the following 

conclusions were reached. 

l. The ease of filtration varied inversely with the 

initial particle si.ze. The average filtration 

time for the -100 ma sh eoal was 78 sec. , tbe aver-

age time of !ilt.ra:tion for tha -80, 100 r11.esh sample 

was 42 sec., and the average time of t'ilt:l.'ation tor 

the -7o; 80 ma sh samples was 31 sees. 
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Vl. SOMMA.BY. 

Little work has been done on the ehlori:nation of coal with 

the idea of preparing valuable produets f'rom the reaction. 

Several investigators have reportad the preparation or active 

carbons from coal by chlorination. The investigation was under-

taken to determine the possibility or preparing a liquid adsor-

bent active char from Midlothian. coa.1, unsuitable as a fuel, thus 

preparlilg a useful product from a waste material. 

A low temperature t high volatile coa,l., found near NJ.d,lothian, 

Virginia, was ground,, screened to ve.;rious sizes l-100; .-80, 100; 

and -'70, 80 mesh U. s. Standard sox-eens), and chlorinated in tm 

aqueous suspension for periods of l, l½, 2, 2l, 3, 3¼, and 4 hours. 

A maximum increase in weight of 43.8% tor -100 mesh, 35.5% tor 

-80, 100 mesh and 18.6~~ tor ... 70, 80 mesh coals was obtained after 

4 hours ot Chlorination. Proximate analyses before and after 

chlorination indicated that the rate of reaction varied with the 

initial particle size. A decrease in ash content waa assumed to 

be due to leaching out mineral constituents as soluble chlorides. 

Following chlorination the coal samples Vie re filtered, wash ... 

ed, dried, carbonized at 5oo0c. tor l hour, followed by steam e.o .. 

tivat1on at eoo0c. for l hour. Unchlo~inated eamplea subjected 

to an identical treatment, tomed a hard porous coka, whereas the 

chlorinated samples attar treatment were found in the form. of 

greyish particles ot o.bout the original size. Iodine and potassi-



um permanganate adsorption tests on the Ohara produced indicated 

an increase in activity with increasing chlorination time, level--

ing off e.t a chlorination time of about 3 hours for each sample. 

(I 2 max. adsorption 89.97b for -100, 64.3% for -80, 100, and '74.4% 

for -70, 80 mesh initial particle size. KN.in04 max. adsorption 

69.0;i for- -100, 55.3% for -80, 100, and 50.9% tor -70, 80 mesh 

size st all after 4 hours chlorination). .Adsorption activity 

varied inv,ersely with initial particle size .. 

Filtration tests of the carbon produced showed increasing 

difficulty in filtre:tion with decreasing initial partiele size. 

(Average time of filtration was 78 secs. for -100, 42 secs. for 

-so, 100, and 31 secs. for -70, 80 mesh particle sizes.) 
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